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ABSTRACT OF THE DISSERTATION 
Studies in Pressurized Oxy-Combustion:  
Process Development and Control of Radiative Heat Transfer  
by 
Akshay Gopan 
Doctor of Philosophy in Energy, Environmental, and Chemical Engineering  
Washington University in St. Louis, 2017 
Professor Richard L. Axelbaum, Chair 
Fossil fuels supply over 80% of the world’s primary energy and more than two-thirds of the 
world’s electricity. Of this, coal alone accounts for over 41% of the electricity supplied globally. 
Though coal is globally well-distributed and can provide stable and reliable energy on demand, it 
emits a large amount of carbon dioxide—a greenhouse gas responsible for global warming. Serious 
concerns over the implication of the increased global temperature have prompted the investigation 
into low carbon energy alternatives. The idea of capturing the carbon dioxide emitted from the 
combustion sources is considered as one of the viable alternatives. This would allow the utilization 
of vast and widespread fuel resources (coal, oil, gas and biomass) that are capable of delivering 
power on demand, while mitigating the potentially harmful impact of CO2. 
 
Support for carbon capture, utilization and sequestration (CCUS) for power plants is, however, 
limited due to the high cost of electricity associated with the currently available technologies. The 
ultimate requirement of high pressure CO2 for either sequestration or utilization has led to the 
investigation of pressurized oxy-combustion technologies. Since at higher pressure, the dew point 
of the flue gas is higher than at atmospheric pressure, pressurized oxy-combustion can be utilized 
xvi 
 
to extract the latent heat of condensation of the flue gas moisture, leading to an increase in plant 
efficiency.  
 
A new staged, pressurized oxy-combustion (SPOC) process for power generation with carbon 
capture is presented in the first part of this dissertation. The proposed staged, pressurized oxy-
combustion process not only extracts the latent heat of condensation of the flue gas moisture, but 
unlike first generation oxy-combustion or even other pressurized oxy-combustion processes, it also 
minimizes the recycle of flue gas. The net plant efficiency of this proposed process is more than 
25% higher than that of first generation oxy-combustion. A detailed analysis of the capital and 
operating costs shows that the cost of electricity generated from this process would meet the U.S. 
Dept. of Energy target for power generation with carbon capture. 
 
The design of a low-recycle oxy-combustion boiler is not trivial. A number of designs have been 
proposed, but were deemed unfit for the utility industry due to much higher heat flux than could 
be safely tolerated by the boiler tubes. In the second part of this dissertation, a new burner and 
boiler design is proposed that could be utilized in the low-recycle SPOC process. The proposed 
burner/boiler design 1) accommodates low flue gas recycle without exceeding wall heat flux limits, 
2) increases the share of radiative over convective heat transfer in the boiler, 3) significantly 
reduces ash fouling and slagging, and 4) is flexible in that it is able to operate under various thermal 
loads. The proposed burner design would also lead to reduced soot, as compared to a normal 








1.1 World Fossil Energy Scenario 
The global energy consumption is increasing every year, with increasing global population and the 
improvement in living conditions [1-3]. Combustion based sources—which includes fossil and 
biomass derived fuels—supply over 90% of the world’s primary energy (see Figure 1-1) [4, 5].  
Even in electricity generation, combustion based sources play a dominant role, supplying more 
than two-thirds of the globally generated electricity [4]. Although these numbers will change over 
the years, thermal energy sources are still seen as being the dominant method of energy supply 
over the next several decades [5]. 
Figure 1-1. Fuel share of world total primary energy supply for the year 2014. 1Peat and oil shale are aggregated 
with coal; 2Includes geothermal, solar, wind, heat, etc. Adapted from [4]. 
2 
 
In the developing countries, like India and China, the per capita energy consumption is still much 
lower than in the developed world [5]. Significant population of these countries is currently energy 
impoverished. With the strive to end energy poverty [6], and a fast increasing GDP, the energy 
consumption of these countries is has been increasing significantly [5, 7-9], as can be seen in 
Figure 1-2. The primary energy source for both India and China is predominantly (> 90%) thermal 
energy based [6, 10]. Even with the pledge by these countries to limit the fossil fuel share of their 
total energy consumption [11, 12], the absolute amount of fossil fuel consumption is predicted to 
increase over the next several decades [5, 8-10]. 
 
Coal accounts for about 41% of the electricity supplied globally [5]. The steady price of coal (at 
about $2.2/MMBtu), and power generation costs from coal, along with the large and even 
availability across the globe, makes it a very attractive fuel for baseload power generation. 
Projections on the amount of extractable coal vary, but it is usually pegged at more than 100 years 
Figure 1-2. Energy use and per capita income of selected countries. Source: [5] 
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at current consumption [7, 9]. Even in the U.S., with the current low cost of natural gas, coal is 
responsible for about one-third of the electricity generation.  
 
1.2 Carbon Dioxide: Capture, Utilization, and Sequestration 
Anthropogenic sources have contributed to a significant increase in atmospheric CO2 
concentrations since the industrial revolution, leading to an increase in the average global 
temperature [13, 14]. Concerns over the potential implications of global climate change have led 
to several efforts towards minimizing carbon dioxide emissions from human activities [15, 16]. 
Coal combustion is one of the leading sources of global CO2 emissions. However, due to its large 
reserves and low prices, coal is projected to continue being one of the major energy sources in the 
long term [1, 7]. Thus, we need aggressive and cost effective CO2 mitigation strategies for reducing 
emissions from coal-based power generation sources. 
There are essentially three different ways to achieve CO2 capture from coal based power generation 
sources: 
Post-combustion capture—The CO2 in the flue gas of a conventional power plant is separated 
using chemical or physical sorption processes [17-23]. Post-combustion capture is best suited for 
retrofit applications, as an add-on to existing power plants. However, due to the very low CO2 
concentrations in the flue gas (~ 14 vol%), the separation is very energy intensive. In the capture 
process, a large amount of heat load is required for the desorption step to regenerate the chemical 




Pre-combustion capture—The fuel is either gasified or reformed to syngas, a mixture of CO and 
H2, from which CO2 is formed using the water gas shift reaction with steam. This CO2 is separated 
from the hydrogen by using a membrane based process, and the hydrogen is then used in a gas 
turbine [25-32]. Similar to post-combustion capture technologies, there is a high efficiency penalty 
(~ 10 %-pts.) for carbon capture with pre-combustion capture technologies. Still, it offers a slightly 
higher plant efficiency than the other capture methods [33]. However, the high capital costs 
associated with the carbon capture, the complexity of the process, and the reduced plant availability 
currently limit pre-combustion capture’s acceptance as a viable, low-cost alternative [34]. 
Oxy-fuel combustion—Oxygen (with recycled flue gas to control temperature) is used, instead of 
air, for the combustion of coal, resulting in a concentrated CO2 stream. In this process, the need to 
separate a dilute stream of CO2 from the post-combustion flue gas is eliminated [35]. And unlike 
pre-combustion capture, oxy-fuel combustion is not a completely new and different method for 
power generation. It is very similar to the traditional method of power generation. Oxy-combustion 
has also been extensively used in industrial applications, and hence the major parts of the 
technology are relatively mature. However, the process of oxygen production is very energy 
intensive, and the net plant efficiency of oxy-combustion processes is similar to post-combustion 
capture based power plants.  
Once captured by any of the processes, CO2 could either be sequestered underground or utilized 
directly. One such use is enhanced oil recovery (EOR), which is an important means of increasing 
the amount of crude oil that can be extracted from an oil field. In deep oil wells (> 600 m depth), 
supercritical CO2 can be injected to form an immiscible fluid with the oil, with a reduced viscosity. 
The lower viscosity fluid can then easily be pushed through the reservoir towards production wells, 
and extracted. Although other gases, such as methane, propane, butane, or nitrogen can be used 
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for miscible displacement, CO2 is considered the most economical. Currently, about 4% of the 
U.S. oil production is through CO2-EOR.  
Beyond enhanced oil recovery, CO2 can also be used in other areas, such as enhanced coal bed 
methane (ECBM) recovery. In this process, CO2 is injected into unmineable coal seams with a 
high natural gas presence. The CO2, due to its higher adhesion to coal, is able to displace the bound 
natural gas, which is then extracted. ECBM technology is still being researched, and is 
economically viable only in places where natural gas prices are high. 
 
1.3 Oxy-Combustion 
Oxy-fuel combustion was initially proposed in the early 1980s as a means to produce large 
quantities of CO2 for EOR [36-38]. Industrial furnaces, such as used in glass, steel and cement 
production have also been extensively using this technology for several decades to obtain high 
temperature gases and highly radiating flames. With increasing concerns over global climate 
change, oxy-fuel combustion has been explored as a means of power production with carbon 
capture. There are several inherent benefits of oxy-combustion over other processes, such as its 
simplicity, and its low nitrogen content—which leads to low NOx production. Several oxy-coal 
demonstration projects have been undertaken, such as the Schwarze Pumpe project in Germany 
and the Callide oxy-fuel project in Australia [39]. 
A schematic of the oxy-fuel combustion power plant concept is shown in Figure 1-3. As discussed 
above, the nitrogen and oxygen in air are separated in the air separation unit, and the oxygen stream 
(containing approximately 96% O2 and 4% Ar) is then mixed with a large amount of recycled flue 
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gas before entering the boiler, to reduce the oxygen concentration of the stream to approximately 
30 vol%. The coal is then combusted with this mixture of oxygen and recycled flue gas, and a 
CO2-rich stream is produced as flue gas. After particulate and sulfur removal, and moisture 
condensation, the cleaned flue gas is sent to the CO2 processing unit (CPU) for further polishing 
before finally being compressed and transported for utilization or sequestration. The flue gas can 
be recycled from a number of different places (before or after the FGD, before or after the FGC, 
etc.), with each location having its advantages and disadvantages, as discussed in Stanger et al. 
[39]. 
 
The flue gas recycle used to reduce the oxygen concentration before combustion in the boiler 
lowers the flame temperature to values similar to that in traditional air-firing systems. The flue gas 
recycle ratio is adjusted to control a number of parameters, such as flame temperature, radiative 
and convective heat flux to the boiler tubes, and exhaust gas temperature. These adjustments help 
Figure 1-3. Schematic of an oxy-coal combustion power plant. Image source: Alstom 
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best utilize existing boilers for retrofit. Alternatively, in the case of a new build, it helps capitalize 
on decades of power plant operational know-how. The resultant flue gas recycle ratio is usually 
about 70 vol%. Recycling such a large amount of flue gas increases the capital costs, the operating 
(fan power) costs, and the efficiency penalty for power generation with carbon capture.  
Air Separation: 
There are a number of ways of producing oxygen from air, such as cryogenic, adsorption based, 
and membrane based processes. Cryogenic air separation is the only fully commercial technology 
which can produce oxygen at the scale required. With more than 90% of all industrial oxygen 
produced by cryogenic separation of air, the cost and performance of such ASUs are well 
established. Cryogenic separation is very energy intensive, and causes a significant loss in oxy-
combustion plant efficiency. The efficiency of separation is continually being improved, with most 
of the improvement in cost and efficiency coming from improvements in the turbo-machinery. 
One of the disadvantages of the cryogenic process is that the similar volatilities of oxygen and 
argon make it difficult to separate the two. There is a sharp increase in energy cost for increasing 
the oxygen purity beyond approximately 96 vol%. Since in oxy-combustion, a separate CO2 
purification step is inherently required, the cryogenic air separation can be used with the 96% 
purity—avoiding the high cost of argon removal.  
Ion transport membranes (ITM) offer potentially high efficiency air separation [40]. The process 
requires air at high temperature (1075 K) and pressure (14 bar), for the production of oxygen at 
much lower pressures (~ 1.5 bar), resulting in a huge pressure drop (about 3 times that in cryogenic 
processes). Tight heat integration in the ASU is required for this process to be efficient. The 
advantage of this process is the ability to obtain pure oxygen without a very high energy penalty 
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for the separation of Ar, as in cryogenic separation. However, the high temperature required for 
the activation of the membranes and the tight heat integration increase the complexity of this 
process. 
Since adsorption and polymeric membrane processes for air separation are economical only when 
the oxygen requirement is less than 200 tpd and 20 tpd respectively [41], cryogenic air separation 
is considered here as the best available technology to produce oxygen for power generation. 
CO2 processing: 
The flue gas from oxy-combustion boilers, though CO2-rich, still needs further purification before 
it can be transported for either utilization or sequestration. A representative oxy-combustion flue 
gas stream composition is shown in Table 1-1. Table 1-2 shows the range of standards suggested 
for CO2 purification for utilization and sequestration. There are a number of different 
configurations for the purification of CO2, depending on the level of CO2 purity requirement. To 
obtain extremely pure CO2 for utilization, a distillation column is usually required. Details on the 
different configurations can be found in [42, 43]. In most configurations, the flue gas is initially 
pressurized up to about 35 bar, cooled in a platen heat exchanger (PHX), and then throttled to 10-
15 bar for further cooling. The temperature in the cold box can reach approximately –50°C. This 
partially condenses the CO2, and depending on the purity requirement is either separated from the 
other gases in a simple phase separator, or is fed to a distillation column for higher purity. The 
purified CO2 is then vaporized in the PHX against the flue gas entering the cold box and then 





Table 1-1. A representative oxy-coal combustion flue gas stream. Adapted from [42] 
 
 Pressure 1 atm 
 Composition by volume:  
 CO2 54.9% 
 N2 9.0% 
 Ar 2.5% 
 O2 3.5% 
 H2O 30.0% 
 NOx 220 ppm 
 SOx 505 ppm 
 CO 275 ppm 
 Particulate matter 1.5 mg/Nm3 
 Hg 15 ppb 
 




(Max. unless specified) 
CO2 95–99.5% (min) 
H2O 10–300 ppmw 
N2 10 ppmw–1% 
O2 10–100 ppmw 
Ar 10 ppmw–1% 
CO 35–100 ppmw 
SO2 1500–100 ppmw 
NOx 1500–100 ppmw 
 
There have been a number of advances in the field of oxy-combustion in recent years. However, 
most of the advances are incremental, and the primary auxiliary loads of ASU, CPU, and flue gas 
recycle (FGR) cannot be overcome with merely incremental improvements. For high efficiency of 




1.4 Pressurized Oxy-Combustion 
The inherent requirement of high pressure carbon dioxide for either enhanced oil recovery (EOR) 
or sequestration makes it possible to pressurize the oxy-combustion process with no intrinsic added 
cost or loss in efficiency, since compressing oxygen before combustion requires comparable 
energy to compressing carbon dioxide after combustion. An important benefit of pressurization is 
that the dew point of the flue gas moisture increases with pressure, so that at higher pressure, 
moisture condensation occurs at a higher temperature than at atmospheric pressure [45]. Hence, 
with pressurized oxy-combustion, a significant portion of the latent heat of condensation can be 
utilized in the steam cycle, instead of being wasted as it is in atmospheric pressure oxy-combustion 
[46, 47]. Thus, pressurized oxy-combustion is well-posed to increase the efficiency of carbon 
capture.  
Previous analyses have indicated that pressurized oxy-combustion can improve overall plant 
efficiency by approximately 3 percentage points [48-50].  In brief, the primary benefits of 
pressurized oxy-combustion include the following:  
1. The moisture in the flue gas condenses at higher temperature, and thus the latent heat of 
condensation can be utilized to improve the overall cycle efficiency. 
2. The gas volume is greatly reduced; therefore, the size and cost of equipment can be reduced. 
3. At higher pressure, the convective heat transfer to boiler tubes is increased for a given mean 
velocity.  This increase is due to the increase in flue gas density with pressure, which in turn 
produces an increased Reynolds number and convective heat transfer coefficient [49] 
4. Air ingress—which normally occurs in atmospheric pressure systems—is avoided, thereby 
increasing the purity of the CO2 in the combustion products and reducing purification costs.  
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In fact, the elimination of air ingress may remove the need for cryogenic distillation within 
the CO2 purification process, which would result in a significant cost savings, provided that 
the oxygen is sufficiently pure and the CO2 purity requirements are not too stringent [51]. 
Pressurized oxy-combustion can, therefore, make significant progress towards achieving the U.S. 
DOE goals of at least 90% CO2 removal at no more than a 35% increase in cost of electricity. 
While different designs for pressurized oxy-combustion have been proposed, they must be 
carefully analyzed to ensure that they lead to significant efficiency gains beyond what is possible 
by optimizing atmospheric oxy-combustion. Even though any increase in efficiency is important, 
there are trade-offs in terms of the complexity of the process and the new training of the plant 
operators. Some pressurized oxy-combustion processes have been unable to achieve this step 
change in efficiency due to the sub-optimal utilization of the advantages provided by pressurizing 
the combustion process. For example, the ISOTHERM process of ITEA was one of the first 
designs for pressurized oxy-combustion [52, 53]. In this process, coal-water slurry is fed as fuel 
into a refractory lined reactor, with a combination of oxygen and some recycled flue gas. The 
amount of flue gas recycled to the combustor is only about 20%, because of the large amount of 
water added with the fuel. After combustion in a nearly adiabatic reactor, the hot flue gas is mixed 
with a large amount (~ 60%) of colder recycled flue gas from downstream. This large amount of 
recycling is to temper the flue gas so that its temperature is less than about 800°C before it enters 
a convective heat exchanger. This exchanger, called the heat recovery steam generator (HRSG), is 
the primary means of heat transfer to the boiler feed water. One of the biggest drawbacks of this 
process is the large (~ 80%) amount of flue gas recycle required. Another reason for the recycling 
is to increase the gas volumetric flow rate through the HRSG to improve the heat transfer rate. An 
independent analysis by Électricité de France (EDF) [54], the largest French utility, showed that 
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the efficiency of this process is even lower than that of a well-integrated atmospheric pressure oxy-
combustion process. Thus, mere pressurization and extraction of the latent heat of flue gas 
moisture is not sufficient to provide a significant gain in power plant efficiency with carbon 
capture. Process innovation is required for optimal utilization of pressure in oxy-combustion. 
 
1.5 Reducing Flue Gas Recycle in Oxy-Combustion 
Since the combustion of coal with pure oxygen could result in adiabatic flame temperatures on the 
order of 3000 K, most oxy-combustion concepts incorporate the recycle of about 65-80% of flue 
gas back to the boiler to control the flame temperature and thereby the wall heat flux. Thus, though 
the reduction in flue gas recycle could reduce the cost and energy penalty, it is quite challenging. 
A number of approaches have been proposed to reduce the flue gas recycle without significant 
negative impact on the boiler performance or safety [55, 56]. A few have been tested in 
demonstration units, but only in industrial furnaces or boilers operating with low temperature and 
pressure steam, where much harsher conditions could be tolerated in these systems than in utility 
boilers [55]. Notable among these is the approach of Goanta et al. [56], who used controlled non-
stoichiometric burners, placed at several heights, to control the adiabatic flame temperatures of the 
individual flames. Tests were conducted to try to reduce the flue gas recycle to 50%, with three 
burner levels, each operating at a different stoichiometric ratio. The modeling and experimental 
results show flame impingement on the wall [56, 57]. The results also showed that even if only the 
non-impingement side of the furnace was analyzed, the difference in peak heat fluxes between air-
fired and oxy-combustion with 50% flue gas recycle could be as much as 50% higher for the oxy-
combustion case [57]. Since even at 50% flue gas recycle, the increase in heat flux was high, 
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further reduction was not considered. Chapter 4 contains more discussion on the boiler design 
challenges posed by low flue gas recycle. 
 
1.6 Scope of the Dissertation 
The work presented in this dissertation can broadly be divided into two parts: development of a 
high efficiency power generation process with carbon capture, and development of burner and 
boiler design strategies to control wall heat flux in such a process. 
In this chapter, advantages and challenges of pressurized oxy-combustion were discussed. It was 
seen that even though, due to the extraction of hitherto unutilized thermal energy, pressurized oxy-
combustion should have a higher efficiency, it might not. Further, process design for high 
efficiency power generation has to take into account various factors affected by increasing 
pressure. In Chapter 2, a new process—staged, pressurized oxy-combustion (SPOC)—for 
electricity generation with carbon capture is presented. The process modeling for the SPOC power 
plant is done using Aspen Plus™ and the performance results are discussed. The plant design 
proposed is not only a pressurized oxy-combustion system, but also utilizes only a very small 
amount of flue gas recycle. The economic analysis conducted to ascertain the cost of electricity 
produced using this process will also be briefly discussed. In Chapter 3, results of a detailed 
parametric analysis are presented. The key process parameters that affect the plant efficiency are 
varied to identify the best operating conditions for SPOC.  
Chapter 4 will identify the key challenges that exist in the design of a high pressure, low recycle 
oxy-combustion burner and boiler. The next two Chapters, 5 and 6, will address the design 
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constraints for developing a burner and boiler design that is both practical and flexible. 
Computational Fluid Dynamic (CFD) simulation will be used to design the burner and boiler. 
Emphasis will be placed on controlling the wall heat flux, since that is the critical constraint in the 
design of a low recycle boiler. Chapter 7 will discuss the sooting tendencies in such high 
temperature systems, and will also present the reasons for lower soot in the design presented in 
Chapters 5 and 6. Chapter 7 will present both analytical modeling of simple laminar flames, to 
understand the fundamental reasons limiting soot inception, and experimentally obtained exhaust 
soot concentrations and size distributions from more practical, turbulent flames.  
This dissertation contains four appendices. In Appendix A, the selection criteria for the CFD sub-
models and the sensitivity studies of the particle and wall properties are discussed. Appendix B is 
a reproduction of [58], and is provided as a methodology developed to control soot and radiative 
heat flux from high temperature, turbulent diffusion flames. The appendix is a combination of 
experimental results and CFD simulations with detailed chemical mechanisms. Appendix C 
provides the nomenclature, non-dimensionalization approach and the formulation of the Burke-
Schumann model extended to tri-axial flames with the fuel in the middle tube. The basic 
formulation is due to Chao and Axelbaum [59], with some new extensions added to obtain the 
contours of carbon-to-oxygen atom ratio. Appendix D is a discussion on the effect of fuel-moisture 








As discussed in Chapter 1, the pressurization of oxy-combustion process can provide significant 
advantages with respect to gain in net plant efficiency. Still, depending on the process 
configuration a significant loss in efficiency due to recycle and slurry feeding may result. In this 
work, a unique pressurized oxy-combustion process is described that aims to further improve the 
efficiency and costs by reducing the recycling of flue gas to near zero. Normally, in the absence 
of recycled flue gas or another inert gas, combustion of fuel and oxygen results in a dramatic 
increase in temperature of the combustion products and the rate of radiant heat transfer [55]. The 
resulting high heat flux to the boiler tubes may result in tube surface temperatures that exceed safe 
operating limits. In the Staged Pressurized Oxy-Combustion (SPOC) process, this problem is 
addressed by staging the delivery of fuel and controlling the characteristics of the flame. 
The aim of this work is to evaluate the application of the fuel-staged approach to pressurized oxy-
combustion (SPOC) that has heretofore not been considered, and to understand and quantify its 
potential benefits by modeling the process and analyzing the performance of this system. Later 




2.2 Process Summary 
2.2.1 Fuel-staged oxy-combustion  
In order to reduce the mean combustion product temperature and heat flux associated with burning 
coal in nearly pure O2, the burner and boiler must be designed specifically to address this.  The 
design must be compatible with the configuration of a pressurized boiler as well.  The SPOC 
approach incorporates a number of different concepts to address this.  As with air-firing 
combustion, non-reacting gases must be present to dilute and to absorb a portion of the heat 
released from combustion. With air-firing combustion N2 plays this role, and in first generation 
oxy-combustion systems the dilution gases are combustion products (CO2 and H2O) in the recycled 
flue gas. In the fuel staging approach described below both combustion products and excess O2 
are utilized for dilution. 
One approach to fuel staging to reduce flue gas recycle (FGR) in an oxy-fuel process has been 
studied by Technical University of Munich [56, 57, 60]. Both numerical and experimental results 
have been reported with the goal of reducing flue gas recycle under atmospheric pressure 
conditions. To achieve controlled staging, the concept of utilizing non-stoichiometric burners was 
investigated. In a traditional boiler, the fuel is generally supplied with an amount of oxygen that is 
in slight excess (in the range of 3%) of that required for stoichiometric combustion of the fuel to 
ensure complete combustion. On the other hand, in the fuel-staged combustion approach, in the 
first stage there is an over-supply of oxygen, as characterized by the stoichiometric ratio, λ, which 
is defined as the ratio of the mass of oxygen supplied to the mass of oxygen required for 
stoichiometric combustion of the fuel.  The aim of the work at TU Munich was to reduce the flue 
gas recirculation rate from the typical 75% to around 50% of the total flow. While the temperatures 
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were maintained at acceptable levels, the heat flux increased by 4-11% compared to the traditional 
oxy-fuel approach with high recycle. 
The SPOC concept of fuel staging is somewhat different from this and is depicted in Figure 2-1. 
Unlike the staged approach described above, the SPOC process is designed to operate each stage 
as a separate boiler, with the fuel distributed to the various stages. The oxygen is primarily supplied 
to the first stage, whereas some amount of oxygen is/could also be supplied to the other stages to 
improve combustion characteristics. As can be expected with such a process design, in the first 
stage there is an over-supply of oxygen, i.e., λ >> 1. The large amount of excess O2 effectively 
acts as a diluent, thereby assisting in the control of the well-mixed temperature of the combustion 
products and downstream heat transfer. The near-burner heat transfer control is more complicated 
and will be described in Chapters 4–6. In the SPOC process, heat is extracted from the first stage 
into the Rankine steam cycle. Once the flue gas temperature is sufficiently reduced, the products 
of combustion from stage 1, including excess O2 are passed to Stage 2 where additional fuel (and 
oxygen) is injected, and more O2 is consumed. This process continues in multiple stages until all 
the fuel, and nearly all of the O2 is consumed. 
It is important to note that the total gas flow in SPOC process is equivalent to the case in which 
coal and oxygen, in nearly stoichiometric proportion, are combusted in a single stage, i.e., there is 
no net addition of dilution gases, but when staging the combustion process, dilution is available, 
in a local sense, in each stage of combustion. The exact number of stages chosen for the process 
is dependent on the amount of burner and boiler configuration, flue gas recycle, and other 
constraints discussed in later chapters. With the assumption of a fixed furnace end flue gas 
temperature (FEGT), the number of stages will not affect the heat and mass balance, or the location 





2.2.2 Process description 
A process flow diagram for a power plant incorporating the SPOC process is illustrated in Figures 
2-2 and 2-3, and is briefly described below. Oxygen is produced via cryogenic separation of air. 
Heat generated from the compression of air is integrated with the steam cycle and utilized for 
boiler feed water regeneration. Staged combustion of fuel is carried out using three combustion 
vessels or boilers in series. Coal is fed with a pneumatic dry feeder using a small amount of 
recycled flue gas as motive gas.  This feed system is modeled after systems developed by Siemens 
[61], Shell and Mitsubishi [62] for coal gasification. Other feeding techniques, like dry solids 
pump, which are capable of delivering dry coal at up to 40 bar without the aid of a motive gas [63, 
64] and slurry feed can also be considered, although slurry feeding is detrimental to plant efficiency 
due to the added water (see Chapter 3). 
 






Figure 2-3. Gas side process flow diagram for the SPOC process. 
Figure 2-2. Steam side process flow diagram for the SPOC process. 
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In the present analysis for the process model, it is assumed that coal is delivered to each of the 
boilers in roughly equal amounts, and all the oxygen is delivered to the first stage (Boiler 1). In 
practice the distribution of the fuel and the oxygen could be different to affect the heat transfer 
characteristics. Any variation in the distribution of the fuel and oxidizer has no affect on the 
process modeling results. In the boiler, heat of combustion is transferred to a steam Rankine cycle, 
primarily by radiation. The products of Boiler 1 are passed to Boiler 2. The oxygen contained in 
the products of Boiler 1 is available to combust the coal in Boiler 2, along with any extra oxygen 
added to Boiler 2. This process continues until nearly all of the oxygen is consumed in the final 
radiative boiler. The temperature of the products is further reduced in a convective heat exchanger 
(Economizer) followed by fly ash removal in a candle filter. After the particulates have been 
removed, the flue gas is further cooled, its moisture condensed, and the pollutants (SO2 and NOx) 
removed in the Direct Contact Column (DCC). A small fraction of this cooled and dry flue gas is 
recycled back to the boilers as motive gas, while the majority goes to the CPU where it is further 
purified to meet the stringent specifications for Enhanced Oil Recovery.  
The details of each of these processes and the key assumptions associated with them are given in 
Section 2.3. 
 
2.3 Modeling Approach and Key Assumptions 
For comparison with atmospheric oxy-combustion and air-fired combustion, a process modeling 
approach that is similar to the National Energy Technology Laboratory (NETL) studies, and NETL 
guidelines for process modeling, CO2 purity, etc. was used [44, 65-67]. Aspen Plus™ (v7.3.2) 
software was used for the process modeling. Two cases were modeled, corresponding to two fuel 
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types: bituminous and sub-bituminous coal. The modeled pressurized oxy-combustion (SPOC) 
power plant has an output of 550 MWe (net) with a supercritical Rankine cycle – 241 
bar/593°C/593°C (3500 psig/1100°F/1100°F), and is located at a generic Midwest ISO location 
[67]. The process was modeled for 90% carbon capture and Enhanced Oil Recovery grade purity. 
The site conditions and CO2 purity requirements are detailed in Tables 2-1 and 2-2 respectively. 
The design, operating and performance characteristics of the key components of the SPOC models 
are shown in Table 2-3.The SPOC models were compared to the reference case (“Current 
Technology” or “Base Case”) in the DOE/NETL oxy-combustion R&D guide, which is an ASPEN 
model of an atmospheric pressure supercritical steam oxy-combustion case [68].  
 
Table 2-1. Site conditions 
 
Site Conditions Midwest ISO 
Elevation, m (ft) 0 (0) 
Barometric Pressure, MPa (psia) 0.101 (14.7) 
Design Ambient Dry Bulb 
Temperature, °C (°F) 15 (59) 
Design Ambient Wet Bulb 
Temperature, °C (°F) 10.8 (51.5) 
Design Ambient Relative Humidity, % 60 
Cooling Water Temperature, °C (°F) 15.6 (60) 










Table 2-2. CO2 purity requirement for EOR and CO2 purity achieved with the SPOC process 
 
Component 
Enhanced Oil Recovery Target 
(Max. unless specified) [44] 
SPOC Case 
CO2 95% (min) >99.9% 
H2O 300ppmwt trace 
N2 1% 11ppb 
O2 100ppm 10ppm 
Ar 1% 13ppm 
H2 1% trace 
CO 35ppm trace 
SO2 100ppm trace 
NOx 100ppm trace 
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2.3.1 Operating pressure 
To determine the appropriate operating pressure for the boilers, three aspects of the process were 
considered. First, an initial analysis on the flue gas moisture condensation as a function of pressure 
and temperature was conducted. This study revealed that for pressures higher than 10 bar and flue 
gas temperatures lower than 50°C, the amount of flue gas moisture condensation did not vary 
significantly with pressure, with a maximum variation of less than 1% for a pressure variation 
from 10 bar to 35 bar. Second, the pressure for effective removal of SO2 and NOx in the integrated 
removal approach has been reported as approx. 15 bar [69, 70]. Operating the boilers at a slightly 
higher pressure was considered to be advantageous to avoid additional equipment (e.g., 
compressors or fans) before the flue gas cleanup, avoiding possible condensation and corrosion in 
such equipment. Lastly, in order to transfer most of the heat extracted at the direct contact column 
to the cold boiler feed water for regeneration while maintaining the minimum approach 
temperature in the regenerator, an additional constraint was imposed on the operating pressure of 
the process. A pressure high enough to transfer the heat to the boiler feed water without violating 
the minimum temperature approach was required. For an approach temperature of ~ 9°C, the DCC 
was required to be operated at approx. 15 bar. Based on these three considerations, a pressure of 
16 bar was selected to account for pressure losses from the combustors to the DCC as given in 
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Table 2-3. The fluid mechanics was also a consideration in choosing pressure but this will not be 
discussed here.  
 
2.3.2 Radiant and convective heat exchanger 
The combustors were modeled as described in the Aspen Plus™ solids modeling guidelines [71] 
and also by others in literature [72]. The exit temperature of the flue gas from each combustion 
stage was chosen to be 700°C. Flue gas from the end of the last stage of the process was then 
sent to an economizer (convective heat exchange). The temperature of the flue gas exiting the 
economizer was chosen to be 330°C to prevent acid condensation in the heat exchanger. This 
was based on model prediction of the dew point (~274°C) with a conservative safety factor. 
Since such predictions based on thermodynamics are not always accurate [73, 74] and 
experimental data on acid dew point is not available for the conditions of this process, a 
temperature much higher than that predicted by the model, and also higher than those used by 
others for pressurized coal combustion [50, 75] was used, as this was deemed to be conservative. 
 
2.3.3 Direct contact column (DCC) and integrated pollutant removal 
Further cooling and moisture condensation occurs in a contacting column, with cooling water 
flowing from the top, and flue gas from the bottom. This column has a dual role. The first is to 
cool and condense the moisture from the flue gas, which occurs in the bottom stages. The second 
is to remove SOx and NOx, via conversion to dilute sulfuric and nitric acid, which is performed in 
the top stages. The integrated SOx and NOx removal from gases at elevated pressure has been 
studied for power plant applications [76]. Air Products and other gas technology providers have 
25 
 
been developing various processes of “sour gas compression” for oxy-combustion applications, in 
which removal of sulfur and nitrogen containing species in the flue gas is enhanced due to their 
mutual interaction during the flue gas compression process.  
The integrated SOx and NOx removal has been associated with the “lead-chamber” reactions [77, 
78], the overall reaction of which is shown here as Reaction D in Table 2-4. Several groups have 
recently investigated this reaction mechanism in more detail [79-81] and have concluded that the 
“lead chamber” reactions are not likely to play a critical role in this process due to the requirement 
of high sulfuric acid concentrations (70-80%) for such reactions to be important. These studies 
have argued that the conversion of NOx and SO2 to acids is more likely to occur via some complex 
liquid phase reactions between HNO2, H2SO3 and possibly H2SO4. Even though the exact reaction 
mechanism is still under investigation, the experimental results from Air Products have indicated 
that when the SO2 / NOx ratio controls the removal efficiency, with a lower SOx/NOx ratio resulting 
in a higher removal efficiency [69, 82, 83]. The SPOC process is expected to remove almost all of 
the SO2 and NOx as it can produce higher NOx than in a typical oxy-combustion system (due to 
the high local flame temperatures) and hence has a lower SOx/NOx ratio. Mercury present in the 
flue gas can also be removed in the same column either via dissolution or reaction with HNO3 
forming Hg(NO3)2 [77]. 
Table 2-4. Reactions assumed for the direct contact column for SO2 and NOx removal 




O2 = NO2 
Gas phase (A) 
             NO2 +  SO2 +  H2O = NO +  H2SO4 Gas phase (B) 
2NO2 =  N2O4 Gas phase (C) 
N2O4 +  H2O =  HNO2 +  HNO3 Liquid phase (D) 
3HNO2 =  HNO3 + 2NO +  H2O Liquid phase (E) 
SO3 +  H2O =  H2SO4 Liquid phase (F) 
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In this work, as with others who have modeled such integrated pollutant removal [70, 78, 84], the 
reactions chosen for modeling were based on the lead-chamber mechanism. As the experimental 
results from Doosan Babcock and Air Products [69, 70] indicate nearly complete removal of SOx 
and NOx at the conditions similar to the SPOC exhaust, and the process modeling results with a 
large enough residence time in the column also lead to complete removal of both the gases, 
modifying the mechanism would not affect the process modeling results. It could however impact 
the costing of the equipment due to differences in terms of the residence time required in the 
column. The removal efficiency was also found to be a function of the SOx / NOx ratio, and Air 
Products has suggested the use of an extra column at about 30 bar for a near 100% removal of the 
NOx [69]. This has not been considered in the process model presented here. If further polishing 
of NOx is found necessary for the SPOC process (based on pilot scale experiments to be conducted 
at Washington University), an additional efficiency penalty of no more than 0.05 percentage points 
will be added, since the clean flue gas inherently requires further compression to 35 bar in the CPU 
for auto-refrigeration requirements [85]. Another factor that enhances the removal efficiency in 
the SPOC process is that all the cooling water used in the column is fresh water and not recycled 
with acids [69].  
In the reactions modeled for the DCC, Reaction A is a slow reaction but the rate increases with 
increasing pressure (3rd order) and decreasing temperature. Reactions B, C and E are fast and are 
equilibrium limited [77]. Reaction D is a kinetically controlled reaction. 
The integrated pollutant removal system has been proposed as either two separate columns [50, 
69, 77] or a single column [78]. To minimize equipment exposed to corroding acids (columns and 
heat exchangers), a single column approach was chosen, and the moisture condensation step was 
also integrated into the same column. Since rate of the overall rate-limiting Reaction A increases 
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with decreasing temperature, the flow rates of the liquid in the column and the column height were 
adjusted to allow the top stages to be at low temperature, promoting the reactions, while most of 
the cooling and condensation occurs in the bottom stages. Since the column is at high pressure, the 
size of the column would be much smaller than that at atmospheric pressure. 
The cooling water used in the direct contact column for cooling and condensation exits the bottom 
of the column at relatively high temperature (~165°C), with an acid concentration of about 730-
4000 ppmv, depending upon the sulfur content of the coal. After neutralization of these dilute acids 
with caustic, the water is passed through an indirect heat exchanger for regeneration of low 
temperature BFW. This heat, in conjunction with the low-grade heat that is available from the 
ASU, eliminates or nearly eliminates (depending on the fuel) the need for steam extraction from 
the low-pressure turbine, allowing for higher gross power generation. 
 
2.3.4 CO2 purification unit (CPU) 
After removal of particulates, SOx, and NOx, the flue gas is compressed to a pressure of 35 bar. A 
small fraction (~3-5%) of this compressed, dry and clean flue gas is recycled back for carrying the 
coal in a dense phase, while the majority (>95 vol%) is sent to the CPU after passing through 
molecular sieves for further moisture removal, and a bed of an activated carbon for removal of any 
mercury remaining in the gas. 
The CPU uses cryogenic distillation to purify the CO2 to the desired EOR specification. Two 
designs were initially analyzed – an ammonia chilled CPU (external cooling cycle), and an auto-
refrigeration CPU. The auto-refrigeration CPU was found to be significantly more efficient, and 
the other option was dropped at an early stage in the model optimization. 
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2.3.5 Other considerations 
A sub-bituminous Wyoming Powder River Basin coal (Case A), and a bituminous Illinois #6 coal 
(Case B) were assumed for fuels, and their proximate and ultimate analyses are shown in Table 2-
5 [65].  In order to model coal combustion, coal was defined as a non-conventional component 
and its proximate & ultimate analysis and heating value were provided as user-inputs. The raw 
coal was dried to the desired level (as-fired moisture: 24% for Case A and 9.75% for Case B) in a 
dryer block with a hot and dry nitrogen stream from the ASU. The nitrogen from ASU was heated 
with a portion of the heat available from air compression. This heat in atmospheric oxy-combustion 
models can be used for pre-heating oxygen with tight heat-integration. For pressurized 
combustion, the oxygen compression provides more than the requisite pre-heating (the excess heat 
being utilized for steam regeneration). The dried coal feed was then split and fed into each of the 
combustion stages with a small amount of recycled flue gas using a pneumatic dry feed system 
[61].  
Since adsorption and polymeric membrane processes for air separation are economical only when 
the oxygen requirement is less than 200 tpd and 20 tpd respectively [41], a cryogenic ASU was 
chosen for this study.  Air separation was performed at low pressure (1-5bar) in a 3 column 
cryogenic unit, producing oxygen of 95.9 vol% purity (0.1% N2 and 4% Ar). The specific power 
consumption for air-separation to atmospheric pressure oxygen was 213 kWh/tO2 [86].This oxygen 
stream was then compressed in multiple stages with intercooling to reach the desired combustor 
operating pressure (16 bar). The intercoolers for both the air and oxygen compressors used boiler 




Table 2-5. Properties of Wyodak/Anderson PRB sub-bituminous coal and 
Illinois #6 bituminous coal on an as-received basis [65] 
 
Proximate Analysis PRB Illinois #6 
Moisture 27.42% 11.12% 
Volatile Matter 31.65% 34.99% 
Ash 4.50% 9.70% 
Fixed Carbon 36.43% 44.19% 
Total 100.00% 100.00% 
   
Ultimate Analysis   
Carbon 50.23% 63.75% 
Hydrogen 3.41% 4.50% 
Nitrogen 0.65% 1.25% 
Sulfur 0.22% 2.51% 
Chlorine 0.02% 0.29% 
Ash 4.50% 9.70% 
Moisture 27.42% 11.12% 
Oxygen 13.55% 6.88% 
Total 100.00% 100.00% 






HHV (kJ/kg) 20,469 27,113 
 
The steam turbine, generator and motor efficiencies were obtained from the guidelines issued by 
the U.S. Dept. of Energy for process modeling of coal-based power plants (shown in Table 2-6) 
[66]. The steam side was modeled with a governing stage, high-pressure, intermediate-pressure 
and low-pressure turbines. For regeneration of boiler feed water, the high-pressure turbine has two 
steam extractions, the intermediate has one, and the low pressure has none. The condenser pressure 
is 0.048 bar and operates with a terminal temperature difference of 11.7°C. 
For the gas side modeling, the Peng-Robinson equation of state was used. For SOx and NOx 
removal, the ENRTL-RK method (ENRTL activity coefficient method with RK equation of state) 
was used so as to model the stream of dilute acid formed and the electrolytes present in the unit. 














Low Pressure Efficiency 89.2% 
Generator Efficiency 98.8% 
Motor Efficiency 97% 
Condenser Pressure 0.048 bar 
ASU Specific power 
consumption (at ~ 1 bar) 
213 kWh/tonneO2 
 
2.4 Results and Discussions of Process Modeling 
The outlet flow rates and composition from each of the combustor stages for a 550 MWe plant 
firing PRB coal is shown in Table 2.7 as an example of the conditions. The outlet oxygen 
concentration at Stage 4 is set to approx. 3% on a dry basis [67], which for the low recycle SPOC 
case corresponds to 1.7% on a wet basis. In terms of partial pressure of oxygen, this value is equal 
to 0.26 bar, which is almost an order of magnitude higher than atmospheric pressure combustion 
in air, with an [O2] of 5%. Since the excess oxygen is to ensure complete conversion of char, which 
is a function of the partial pressure of oxygen in the reactor, the value used in the current modeling 





Table 2-7. Flow rates and compositions at the outlet of each stage in the SPOC 
process firing PRB coal producing 550 MWe power. 
 









Ar 0.036 0.032 0.029 0.027 
CO2 0.192 0.343 0.465 0.564 
H2 0.000 0 0 0.000 
H2O 0.132 0.236 0.319 0.388 
N2 0.002 0.003 0.003 0.004 
O2 0.638 0.386 0.184 0.017 
NOx TBD TBD TBD TBD 
SOx 0.00025 0.00025 0.00025 0.00025 
Total 1 1 1 1 
      
V-L Flowrate 
(kmol/hr) 
15202.8 17042.4 18876.96 20709.58 
V-L Flowrate (kg/hr) 497934 563864.4 629798.4 695728.8 
Solid Flowrate (kg/hr) 2436.48 4874.4 7309.44 9745.2 
Temperature (°C) 700 700 700 700 
Pressure (Mpa, abs) 1.6 1.6 1.6 1.6 
 
The performance summaries (and comparison with 1 atm oxy-combustion) for the two cases are 
shown in Table 2-8. The net plant efficiency (HHV) for Case A was found to be 35.7%, while that 
of Case B was 36.7%, indicating that the process is more efficient when using bituminous coal 
over lower rank sub-bituminous coal. The Integrated Environmental Control Model (IECM 
v8.0.2), which is a publicly available modeling tool developed by Carnegie Melon University [87], 
was used to obtain a comparison for the decrease in net plant efficiency for a typical, atmospheric 
pressure oxy-coal power plant operating at the same ambient conditions on fuel switching from a 
high rank Illinois #6 to a low rank PRB coal. The decrease in efficiency for a typical oxy-coal 
plant is 7.4%, compared to 2.7% for the SPOC process. The efficiency penalty typically associated 
with high moisture fuels is not as significant here due to the fact that a significant portion of the 
latent heat of water is captured in the SPOC process.  
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Table 2-8. Performance comparison of SPOC process (Case A and B) with relevant atmospheric pressure 
reference cases 
 

















Gross Power Output (After 
Generator Loss) 
MWe 729.2 733.1 787.8 580.4 
Total Oxygen Production Load MWe 126.2 127.0 126.7 - 
ASU Main Air Compressors 
and other auxiliaries  
MWe 90.1 90.6 126.7 - 
Oxygen Compressors MWe 36.1 36.4 – - 
Total Clean-up and CPU load MWe 20.5 19.4 77.55 4.5 
Other Auxiliaries and Misc. 
Balance of Plant 
MWe 32.8 31.6 33.53 25.9 
Total Auxiliary Load MWe 179.5 178.0 237.8 30.4 
Net Power Output MWe 549.6 555.1 550.0 550.0 
Net Plant Efficiency(HHV) % 35.7 36.7 29.3 39.3 
Thermal Input (HHV) MWth 1,539.3 1,511.8 1,879.2 1,400.2 
 
An efficiency penalty for CO2 capture of only about 2.6 percentage points was observed for the 
SPOC cases as compared to 10 percentage points for the reference atmospheric oxy-combustion 
case reported by DOE/NETL [41, 88]. The improvement in net plant efficiency over the 
atmospheric pressure cases is due to a number of factors. Most of these are related to the SPOC 
technology and these will be discussed in detail in the following sub-sections. Others are related 
to differences in the assumed steam turbine efficiencies, condenser operating conditions, etc. These 
contributions are not intrinsically associated with the SPOC process and will be identified in the 
comparison. 
As shown in Table 2-2, the purity of the CO2 that is captured with the SPOC process meets the 
purity standards for Enhanced Oil Recovery (EOR) set by DOE/NETL, and even meets the more 
stringent standards set by Kinder-Morgan and others [44, 89]. 
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2.4.1 Auxiliary load comparison 
About 28% of the total oxygen production load in the SPOC process is due to oxygen compression 
to 16 bar, but since the resulting flue gas is at higher pressure, the CPU compression power is 
equivalently reduced. The power summaries are compared in Table 2-8. Due to the higher 
efficiency (lower heat rate), the auxiliary load is about 33% lower in the SPOC process than in the 
atmospheric pressure process (the comparison is based on auxiliary load without feed water pumps 
as the pumps are turbine driven in the atmospheric pressure report and electric motor driven for 
the SPOC cases). This reduction is a sum of reduction due to lower oxygen production, and the 
reduced gas volume that needs to be purified and compressed for the same power output. The 
SPOC process eliminates the requirement of recycled flue gas for temperature control and only 3-
5% of the total flue gas is required for dense-phase coal feeding. Consequently, the fan power 
requirement for flue gas recycle in the SPOC process is small. Whereas, it has been reported in 
prior studies that the fan load for recycle reduces efficiency by ~ 0.4–4 percentage points (based 
on fuel thermal input) at various combustion pressures analyzed [41, 50].  
Another factor that results in a lower auxiliary load for the SPOC process is the lower CPU power 
load that results from the elimination of air in-leakage at high pressure, and hence a purer CO2 
stream entering the CPU. 
2.4.2 Heat integration and net plant efficiency 
The net plant efficiency for SPOC cases is about 7.4 percentage points higher than for the 
atmospheric pressure reference oxy-combustion case [41]. This increase in efficiency cannot be 
attributed to a single aspect of the design but is rather a result of a number of incremental increases 
in various units of the process. The direct contact cooler/condenser (DCC) is a major contributor 
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towards the increase in efficiency of the SPOC process over atmospheric oxy-combustion, adding 
about 10% extra heat into the Rankine cycle (~ 0.1 MWt / MWt input) in the PRB case. Since not 
all of the latent heat from the moisture in the flue gas is recoverable, a lower moisture fuel will 
inherently have lower losses. Illinois #6 coal (Case B) has lower moisture and the net plant 
efficiency is higher than for Case A with PRB coal as seen in Table 7. 
As previously stated, pressurization of oxygen to the combustor pressure was performed with a 
multistage compressor with intercooler. The compressed oxygen is at approx. 185°C, eliminating 
the need for further oxygen pre-heating, which in first generation oxy-combustion processes is 
done using heat from the Main Air Compressor (MAC) and Booster Air Compressor (BAC) 
intercoolers. The extra heat thus available in the SPOC process, from the MAC and BAC 
intercoolers and the oxygen compressor intercooler was also integrated with the Rankine cycle, by 
utilizing low pressure BFW as the coolant, increasing the net plant efficiency further. 
2.4.3 Efficiency improvements breakdown 
There are a number of different reasons for the improved efficiency of SPOC [46] over first-
generation oxy-combustion [68], as well as other pressurized oxy-combustion concepts [50]. The 
benefits primarily arise due to pressurization and staging. With pressurization, as discussed above, 
the latent heat of flue gas can be condensed and utilized in the steam Rankine cycle. This adds a 
large amount of heat into the cycle and. Though important, this is not the only major cause of high 
efficiency of SPOC. Staging of fuel (and oxygen) also plays a major role in enhancing the 
efficiency of the SPOC process by aiding flue gas recycle reduction. The impact of reduced recycle 
on efficiency is not only due to the reduced fan power consumption for recycling, which could be 
between 0.4–1.2 %-pts. [35, 50]. The benefit also arises from the reduced exergy losses due to 
higher heat transfer in the high temperature region and less heat transfer in the low temperature. 
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With higher recycle, the gas volume in the combustor is increased, which pushes more sensible 
energy to the lower temperature region. Since, the conversion efficiency of thermal energy to 
electrical energy is a function of the temperature at which it is integrated in the Rankine cycle [90, 
91], a lower flue gas recycle leads to a higher power generation, and therefore higher plant 
efficiency. A brief comparison of the SPOC process with other oxy-combustion processes using 
exergy analysis is presented by Hagi et al. [54].  
 
2.5 Economic Analysis 
The cost analysis for the SPOC process was performed in collaboration with Burns & McDonnell 
on the basis of the plant performance and stream tables, by scaling the costs from NETL reports 
where appropriate and using vendor data otherwise. Process & project contingencies, engineering 
construction management and home office fees, and owner’s cost were included in calculating the 
total overnight costs. A brief summary of the economic assumptions are provided in Table 2-9. 
For cost comparison, the reference case was an air-fired, supercritical PC power plant in the 
Midwest, using PRB coal. The costs for the reference plant were calculated by scaling the costs 
from the NETL report [92] for Illinois # 6 coal and using the IECM models to obtain scaling 
factors. The scaling exponents were found from the NETL guidelines [93]. The cost of electricity 
for the SPOC process was calculated assuming a high-risk finance structure, whereas the baseline 





Table 2-9. Global economic assumptions 
 
Parameter Value 
Income Tax Rate 38% Effective (34% Federal, 6% State) 
Capital Depreciation 20 years, 150% declining balance 
Repayment Term of Debt 15years 
Capital Expenditure 5 years 
Operational Period 30 years 
Economic Analysis Period (used for IRROE) 35 years (capital expenditure period plus 
operational period) 
Capital Cost Escalation During Capital 
Expenditure Period (nominal annual rate) 
3.6% 
Distribution of Total Overnight Capital over 
the Capital Expenditure Period (before 
escalation) 
10%, 30%, 25%, 20%, 15% 
Working Capital Zero for all parameters 
% of Total Overnight Capital that is 
Depreciated 
100% (this assumption introduces a very 
small error even if a substantial amount of TOC 
is actually non-depreciable) 
Escalation of COE (revenue), O&M Costs, 
Fuel Costs (nominal annual rate) 
3% 
 
Table 2-10. Financial structure 
 






LOW RISK (Capital Charge Factor = 0.116) 
Debt 50 4.5% 2.25% 
Equity 50 12% 6% 
Total   8.25% 
HIGH RISK (Capital Charge Factor = 0.124) 
Debt 45 5.5% 2.475% 
Equity 55 12% 6.6% 
Total   9.075% 
 
The levelized cost of electricity (LCOE) of the SPOC process with carbon capture was calculated 
as $98.5/MWh compared to approx. $73.05/MWh for a baseline air-fired plant without carbon 
capture. Thus SPOC process captures carbon dioxide for a 34.8% increase in LCOE. In comparison 
to atmospheric pressure oxy-combustion and post combustion capture processes, this is more than 
a 40-50% reduction in increase in LCOE [27, 29-31]. This reduction is mainly due to the reduction 
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in efficiency penalty by pressurization and fuel-staging. Furthermore, the use of the integrated 




Staged, Pressurized Oxy-Combustion (SPOC) process, due to fuel staging approach is able to 
avoid auxiliary loads associated with recycling of large amounts of flue gas for temperature 
control. This along with significant capture of latent heat from the flue gas and other waste heat 
from the auxiliary systems at high pressure resulted in a net plant efficiency (HHV) of 35.7% when 
using subbituminous PRB coal and 36.7% when using bituminous Illinois #6 coal. 




The penalty in plant efficiency due to carbon capture is reduced from 10 percentage points in the 
atmospheric pressure oxy-combustion plant (as reported by DOE/NETL) to about 2.6 percentage 
points due to the SPOC process. The average efficiency for coal based power production efficiency 
in the United States is currently 32.5% (HHV)[94, 95]. This suggests that the SPOC process has a 
potential to increase the average efficiency of coal based power generation even with carbon 
capture, in contrast to the conventional carbon capture processes in the U.S. (Figure 2-5). The 
significant reduction in efficiency penalty also helps reduce the economic penalty for carbon 
capture by approximately 50%, making SPOC an attractive process for power generation with 









In Chapter 2, the efficiency and cost of the SPOC process were shown to compare quite favorably 
to other oxy-combustion approaches for power generation with carbon capture. The analysis of the 
SPOC process was based on a given operating pressure, fuel-moisture content, and flue gas recycle 
ratio (~ 5%). From a process perspective, the pressure was chosen to ensure proper operation of 
the DCC for integrated pollutant removal and flue gas moisture condensation, without the use of 
any moving parts between the boilers and the DCC. There are other considerations, such as a 
minimum pressure requirement to create an optically dense boiler, the advantage of which will be 
discussed in Chapters 4–6. The optimal pressure for pressurized oxy-combustion has been studied 
for two different systems—one developed by Babcock Power and Thermo-Energy [96], and the 
other, a flameless combustion system, developed by ITEA and ENEL [41]. Pressures ranging from 
6 bar to 80 bar have been considered, and the optimal pressure has been found to be system 
dependent [41, 84, 96, 97]. The optimal pressure for the high recycle processes are strongly limited 
by the need to maintain sufficient velocity without significant pressure drop [41]. This is primarily 
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because, with increased flue gas recycle and a given furnace exit temperature, the proportion of 
radiative over convective heat transfer to the steam tubes decreases. With an increased dependence 
on convective heat transfer—which inherently has a lower heat flux—the gas-side velocity in the 
heat recovery steam generator must be high to obtain a high convective heat flux. But, this leads 
to increased pressure drop, and hence auxiliary power requirement, reducing the efficiency. With 
a high pressure, the density is high, but that leads to a reduced volumetric flow rate, and thereby 
velocity. The competing effects of increasing velocity by shrinking the size of the heaters, leads to 
an optimal pressure that is around 6–8 bar.  
The SPOC process, on the other hand, is based on a low flue gas recycle concept, with the primary 
mode of heat transfer being radiative, rather than convective. Thus the pressure drop in the system 
is much lower than the other processes. Since the optimal operating pressures are system 
dependent, it is necessary to understand the best operating conditions to maximize the efficiency 
gain. Furthermore, the understanding of the effect of as-fired fuel moisture is also seen as crucial 
not only for this process, but for other pressurized oxy-combustion processes as well, because of 
the assumption of coal-water slurry feeding in other proposed pressurized oxy-combustion 
processes [48, 50, 96]. In this chapter, the motivation for the selection of 16 bar pressure and 
surface-dried fuel will be provided.  
Another key feature of SPOC—low flue gas recycle—is also investigated in this chapter to 
understand how plant efficiency varies with flue gas recycle. Since the SPOC process models 
developed in the previous chapter assume only about 5% flue gas recycle (sufficient for dense-
phase transport of coal), the first SPOC boiler will essentially operate with pure oxygen. Though, 
methods have been developed to control the heat flux in SPOC boilers even with pure oxygen as 
the fuel [98], other considerations detailed in Chapter 4 could potentially limit the immediate 
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acceptance of such a configuration in utility boilers. An understanding of the effect of flue gas 
recycle on the net plant efficiency would provide insights for better process and boiler design. 
Finally, some potential areas for process intensification, such as the direct contact column, and the 
steam Rankine cycle operating conditions are explored to increase the plant efficiency. 
The key assumptions and modeling approach used is similar to that described in Chapter 1, and 
hence is not repeated here. In this chapter, and henceforth, only the sub-bituminous PRB coal 
(proximate and ultimate analysis provided in Chapter 2) will be used, unless otherwise specified. 
The choice of PRB coal is due to the low cost and high availability of this coal in the US—
accounting for more than 40% of the coal consumed in the US for power generation.  
 
3.2 Operating Pressure 
Operating pressure analyses are divided into two different studies – the first analyzes the effect of 
direct contact column (DCC) operating pressure on moisture condensation and lays the 
groundwork for the next part, which is to analyze the effect of combustor operating pressure on 
the net plant efficiency. For the operating pressure analyses, the coal is surface-dried to 24% as-
fired moisture.  
Direct Contact Column (DCC) Pressure: 
For moisture condensation in the DCC, six different flue gas and DCC pressures are analyzed over 
the range of 10 to 35 bar. All pressures mentioned in this paper have units of bar absolute. Based 
on equilibrium flash calculations, Figure 3-1 shows the effect of operating pressure on the gas exit 
temperature of the DCC. The greatest difference is seen between 10 bar and 15 bar, while at higher 
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pressures almost no difference in moisture condensation is observed, especially at lower exit 
temperatures. It can be seen that for temperatures less than 50°C, the moisture condensation and 
heat in the DCC increases by less than 1% when the pressure is more than doubled, beyond 15 bar.  
At any given exit temperature, the effect of pressure on moisture condensation yields diminishing 
returns with increasing pressure. 
 
 
Radiant Boiler Operating Pressure: 
Since the analysis of the DCC indicates that 15 bar is sufficient to capture a large majority of the 
latent heat, the minimum operating pressure of the radiant boilers considered in this study is 16 
bar, to allow for pressure losses between the boilers and the DCC. Due to the considerations 
detailed in Chapter 1, and the above paragraphs, the minimum pressure analyzed for the SPOC 
process is 16 bar (Case P1). In this work, two higher pressures—30 bar (Case P2) and 36 bar (Case 
Figure 3-1. Percentage of flue gas moisture condensation at various DCC operating pressures and flue gas exit 
temperatures from the DCC 
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P3)—have been considered. Pressures higher than 36 bar were not considered, even though 
analyzed by others such as Babcock Thermo [96], due to the limitation of coal feeding by solid 
pumps at higher pressures. 
Case P1 is the same as analyzed in Chapter 1, and the results of the process model have been 
discussed in detail. Case P1 is the base case for this study, and the corresponding net plant 
efficiency is 35.7% (HHV). Cases P2 and P3 only differ in the combustion pressure. An increase 
in combustion pressure above 16 bar increases the net plant efficiency only slightly, and with 
diminishing returns, as can be seen in Figure 3-2. The difference in net plant efficiency between 
16 bar and 36 bar cases is less than 0.14 percentage points. The different contributors to this trend 
are discussed below. 
 
 
The power requirement for oxygen production increases with combustion pressure. Since this 
increase in power demand is only for increased compression, and since the final flue gas is required 
Figure 3-2. Increase in net plant efficiency (HHV) as a function of pressure over Case P1 (16 bar). 
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to be compressed up to 153 bar, the CPU power load is reduced. The sum of ASU and CPU power 
demand, on the other hand, remains relatively constant, between 142–145 MWe (≈ 
0.09MWe/MWth fuel input), for all three pressures cases. 
In SPOC, heat from either flue gas moisture condensation or “waste heat” from auxiliary systems 
can be integrated into the steam cycle, thereby reducing the steam extraction requirement for 
regeneration of BFW. As we know, steam extraction for feedwater heating (regeneration) is used 
to increase plant efficiency of the Rankine cycle, but utilizing the heat from the DCC and the 
auxiliary systems instead of from the boiler increases the overall (net) plant efficiency. 
The bottoms product (subsequently referred to as “bottoms”) of the DCC is hot water along with 
some (dilute) acids. The temperature of the bottoms of the column is a function of the operating 
pressure of the column, and increases with operating pressure. This hot water can be used to 
exchange heat with the Rankine cycle either upstream or downstream of the de-aerator (see Figure 
2-3), replacing some of the extraction steam from such locations. As the de-aerator pressure is set 
at 8 bar, which corresponds to a saturation temperature (and hence BFW exit temperature) of 
170°C, the DCC bottoms water temperature is not high enough in Case P1 to allow integration 
into the Rankine cycle downstream (high-temperature side) of the de-aerator. In contradistinction, 
for both the higher pressure cases—Case P2 and P3—the exit water temperature is high enough 
(193°C and 200°C respectively) to allow for partial integration downstream of the de-aerator. As 
already stated, higher pressure (higher than Case P1) does not increase the amount of moisture 
condensation significantly (difference between Case P1 and P3 = 0.16 percentage points), but 
integrating into the high pressure region allows heat transfer from the DCC bottoms water to the 
Rankine cycle in a larger temperature range. It also reduces the amount of cooling water required 
in the DCC, from 864 tonnes/h (16 bar) to 690 tonnes/h (36 bar) and hence reduces the rejected 
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heat after heat transfer to the boiler feed water. In other words, with increasing pressure the amount 
of heat addition from the DCC increases by approx. 8 MWth (5.3%) from 16 bar to 36 bar (Figure 
3-3a). And more importantly, the amount of heat shifted from the LP to the HP region for the 30 
bar and 36 bar cases are, respectively, 6.5 MWth and 11.5 MWth.  
In this work, the only other auxiliary heat integrated into the Rankine cycle is the heat from oxygen 
production. As the operating pressure of the combustor increases, the oxygen compression 
requirement increases. This compression is accomplished with multistage compressors and 
intercoolers that use low-pressure boiler feed water (LP BFW) for cooling. As the compression 
requirement increases, the oxygen temperature at the intercooling heat exchangers increases. Thus, 
more heat can be transferred at higher temperature. As the compression requirement increases 
further, the stage pressure ratio in the multistage compressor increases significantly, requiring the 
addition of another stage to keep the compression process efficient. For both 30 bar and 36 bar 
cases, three stages were required while only two were required in the 16 bar case. Addition of an 
extra stage reduces the maximum temperature and the temperature range in which heat is available 
from the oxygen compressors. Thus, the heat from the ASU is restricted in the temperature range 
suitable for integration with the low pressure BFW only.  
Figure 3-3b shows that with increasing pressure, more heat is available from the ASU. The partial 
shift of DCC heat into the HP region allows the increased heat transfer from the ASU into the 
steam cycle, thus increasing the net plant efficiency (Figure 3-2). Still, since the temperature at 
which heat is available from oxygen compression is restricted, the benefit from increasing pressure 





Increasing system pressure has two benefits—first is in increasing the efficiency of the process, 
and the second is in reducing the size of various units. The first effect has been quantified and 
discussed above. For the second effect, a brief and qualitative discussion is provided here. Since, 
the change in efficiency is small with increasing pressure above 16 bar, we will, for ease of 
discussion, neglect the effect of reduced thermal input for the same power output on size and only 
concentrate on the reduced gas volumes due to compression. The various units in the SPOC process 
are the ASU, O2 compressors, radiant boilers, DCC, CO2 boost compressor (which pressurizes the 
clean flue gas to about 36 bar) and the CPU. Of these, the ASU and CPU sizes remain the same 
since they always operate between the same states: ASU produces 1 bar O2 from 1 bar air, while 
the CPU purifies the clean and dry CO2 and compresses it from 36 bar to 153 bar. The combination 
of the O2 compressors and the CPU boost compressor would have similar overall size, since they 
compress from atmospheric pressure to about 36 bar in all cases. In the higher-pressure cases since 
the number of compressors increases, and more oxygen compressors are required, the capital cost 
may increase with increasing pressure. The radiant boilers, on the other hand, are not sized based 
Figure 3-3. Increase in recoverable heat (integration into Rankine cycle) from (a) DCC, (b) oxygen production. 
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only on the gas volumes. The primary purpose of the radiant boilers is to transfer heat to the steam 
cycle, and their size is dependent on heat transfer surface area requirements, and this size does not 
reduce proportionally with increasing pressure. On the other hand, the material of construction 
required will increase with pressure due to an increase in wall thickness of the boilers, even though 
the overall size may be reduced slightly due to reduced thermal input (higher net plant efficiency). 
It is important to note, however, that the material of construction only forms a small part of the 
boiler cost, which is mainly governed by boiler tube costs. The effect of pressure on the design of 
the DCC is not obvious, though there is potential for size reduction with increasing pressure, both 
due to the potential increase in performance of the integrated pollutant removal reactions at higher 
pressure [69, 99, 100] and reduced gas volumes. 
 
3.3 Fuel Moisture Content 
In order to feed the coal into the boilers at elevated pressure, a high pressure, dense-phase feeding 
system (pneumatic dry feeding) has been considered in the process analysis.  This process requires 
that the surface moisture of the pulverized coal be removed for optimal feeding. Further drying to 
remove some inherent moisture may also be considered.  An alternative method to feeding the coal 
is to feed coal water slurry, which can be readily pumped to deliver the coal at elevated pressure. 
For a typical 1 atm coal-fired power plant, it is well understood that increasing moisture content 
decreases plant efficiency, since the added flue gas volume from moisture results in additional 
stack loss.  However, in pressurized systems, the impact on moisture content is not obvious since 
a portion of the latent heat associated with flue gas moisture may be recovered.  A systematic study 
on the effect of as-fired moisture on net plant efficiency was performed by studying 6 different 
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cases with a constant thermal input of 1539 MWth, matching the work in [46].  The as-received 
coal moisture is 27.42%.  Coal drying was considered in three cases: drying to 9.7%, 17% and 
24% moisture. The other three cases represent moisture addition to the as-received fuel (30%, 
35%, 45%). Other parameters of the process were kept constant. The drying of coal was modeled 
as being performed by dry nitrogen gas from the ASU. The heat for drying was partly derived from 
ASU and partly from previously unutilized low temperature heat from CPU boost compressors. 
As can be seen from Figure 3-4, the net plant efficiency monotonically decreases with increasing 
moisture content, but the slope of the curve changes drastically between the low moisture and high 
moisture cases. In the low moisture cases, low pressure BFW is heated with a combination of 
auxiliary heat and steam extraction. With increasing amounts of moisture in the fuel, the high 
temperature sensible heat available from the combustion gas in the radiant boilers and the 
economizer reduces, whereas the amount of low temperature latent heat available in the DCC 
increases. Overall, this shift of heat from the higher grade to the lower grade reduces the amount 
of steam extraction for BFW regeneration. The sum of the heat available from the boilers, 
economizer and the DCC is constant at low moistures, and so is the heat available from other 
auxiliary systems like ASU and CPU for a given fuel input. Since the net heat supplied to the steam 
cycle is constant, but the steam extraction is reduced, the cycle efficiency reduces, as does the 





As the fuel moisture increases further, more heat is available from the DCC for integration and the 
steam extraction from the LP steam turbine is completely eliminated. This is considered the point 
of heat saturation of the LP BFW. This heat saturation point is around 29% as-fired moisture for 
the system modeled in this paper. Beyond the point of heat saturation, increasing fuel moisture 
does not lead to additional heat integration into the Rankine cycle and hence does not affect the 
cycle efficiency, but the net plant efficiency decreases. This is because at the point of heat 
saturation, the maximum possible heat is integrated in the low pressure region of the BFW. Even 
if more heat is made available from the DCC, it cannot be integrated into the steam cycle. The 
excess heat from the DCC condensate, which cannot be integrated into the steam cycle due to heat 
saturation, needs to be cooled using cooling water and discarded. 
In most conceptual pressurized systems modeled, coal water slurry (CWS) feeding is considered 
as the standard approach for fuel feeding due to experience and expertise in such feeding for other 




purposes, such as coal gasifiers. Furthermore, the pressurized oxy-combustion systems are 
considered to be more beneficial for low rank coals, as the hitherto unrecovered heat of moisture 
condensation at lower pressure, can be recovered, potentially making them more efficient. It has 
been shown above that increasing the moisture content beyond what would lead to LP BFW heat 
saturation is detrimental to the plant efficiency. The challenges of feeding low rank coal as a slurry 
are discussed in [101]. In order to pump slurry, the maximum apparent viscosity accepted in the 
industry is about 1000 mPa-s at 100s-1 [102, 103]. The viscosity of the CWS increases with the 
hydrophilicity of the coal. Therefore, a hydrophobic coal can more easily be used to form low 
viscosity slurry at high solids loadings. Normally, high-rank coals are hydrophobic, while low-
rank coals are hydrophilic [82]. For high pressure operations, like coal gasification, coal water 
slurry feeding works well for bituminous coals but not for lower grade coals [104]. Delivering a 
coal water slurry using PRB coal requires water content as high as 65 wt% in order to make it 
pumpable [101], which corresponds to more than 3 %-pts. loss in net plant efficiency. 
In summary, a steep decrease in plant efficiency occurs when the low-grade heat available through 
flue gas moisture condensation is sufficiently high such that there is excess latent heat that cannot 
be integrated into the steam cycle. Thus, slurry feeding of fuel even with high-pressure combustion 
is not recommended since the as-fired moisture in slurries exceeds this limit for heat saturation in 
the Rankine cycle. On the other hand, drying the fuel (beyond the minimum requirement for dry 
feeding) does not increase the efficiency significantly. This result is true for other pressurized 
processes as well, though the point of heat saturation in the Rankine cycle may occur at different 




3.4 Flue Gas Recycle Ratio 
Two main configurations for flue gas recycle are considered in oxy-combustion systems—warm 
gas recycle, and cold gas recycle. For warm-gas recycle, the flue gas is recycled prior to the gas 
clean-up equipment (in some cases after the filter, but still before the FGD). This increases the 
sulfur content in the boilers, and is only considered for operation with low sulfur coals. This 
configuration has a slightly higher efficiency at atmospheric pressure. The cold-gas recycle entails 
complete gas cleanup, moisture condensation, and then recycling back the flue gas to the boiler.  
For the SPOC process, due to high pressure in the boilers, warm-gas recycling could lead to very 
high SO2 and SO3 concentrations, and from a conservative point of view this configuration is not 
considered here. In the cold-gas recycle configuration on the other hand, the flue gas passes 
through the DCC before being recycled back. As the DCC is a direct contact heat exchanger, the 
heat transfer is not efficient from an exergic perspective. The temperature of the flue gas for 
recycling is reduced to about 38°C. Flue gas recycling also increases the volumetric flow in the 
combustor and pushes a significant amount of sensible energy downstream to lower temperature 
regions. The conversion of thermal energy to electrical energy from the lower temperature regions 
(DCC) is much less efficient compared to what could be achieved from the high temperature 
regions (combustor / economizer). Therefore, during recycling, a lot of energy is wasted leading 
to reduced efficiency. Figure 3-5 shows the net plant efficiency as a function of flue gas recycle 
ratio.  
As can be expected, increasing flue gas recycle increases the efficiency penalty, with 70% recycle 
(conventional flue gas recycle ratio) resulting in an efficiency penalty of almost 4 percentage 
points. However, the relation of flue gas recycle with efficiency is not linear, and most of the 
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efficiency is penalized in the flue gas recycle ratio range of 33% to 70%. Below 33% of flue gas 
recycle, the efficiency loss is less than 1 percentage point. 
 
 
3.5 Process Intensification and Advanced Rankine Cycles 
Process intensification in staged, pressurized oxy-combustion can be achieved by the modification 
of the flue gas condensing heat exchanger from a low efficiency direct contact column, to a more 
efficient indirect contact heat exchanger. Modifications to the Rankine cycle, in line with the latest 
industrial advancements, such as a double reheat steam cycle or advanced ultra-supercritical 
Rankine cycle would also help increase the plant efficiency. In this section, the results from such 
intensification or cycle modification are presented.  
Indirect Contact Heat Exchanger for Flue Gas Moisture Condensation: 
Figure 3-5. Effect of flue gas recycle ratio on the net plant efficiency (HHV) in the SPOC process 
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The direct contact column used in the SPOC process provides a practical means of condensing the 
flue gas moisture, while minimizing the impact of the acids that would condense along with the 
moisture. In the DCC, due to the very large amount of water added for cooling, the acids are 
diluted. Furthermore, since the heat exchange is not through the surface of the contacting column, 
the material of construction can be made acid resistant at low cost. However, the process is highly 
inefficient in terms of heat transfer. The raw hot flue gas enters the DCC at approximately 330°C, 
and the maximum temperature of the hot water from the DCC used for heat exchange with the 
boiler feed water is at 165°C. This represents a significant loss in availability (exergy). An indirect 
contacting heat exchanger could be used instead of the direct contact column to capture this 
availability. The flue gas at the outlet of this indirect heat exchanger can be designed to enter the 
DCC at a low temperature for an efficient integrated pollutant removal (~ 46°C). The indirect heat 
exchanger would be exposed to very high acids concentration (acid dew point is higher than 
moisture dew point), and hence would require expensive materials of construction. For the SPOC 
process, the gain in net plant efficiency when using an indirect heat exchanger is approximately 
0.55 %-pts. This analysis provides a basis for cost-benefit analysis for the utilization of such a heat 
exchanger. 
Advanced Rankine Cycles: 
Advances in the development of materials and turbo-machinery have allowed two primary 
modifications in the design of Rankine cycle to further increase efficiency—double reheat of 
steam, and higher steam temperature and pressures (USC and AUSC cycles). Similar to the indirect 
heat exchanger for flue gas moisture condensation, the implementation, or lack thereof, of these 
process intensification measures is dictated by the economics. However, in this section, only the 
performance improvements through such process intensification are discussed. The cycle 
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conditions for the different configurations studied are presented in Table 3-1. In the cases of double 
reheat, the steam temperature at the outlet of the second reheat is maintained the same as in the 
first reheat. In all the cases, a direct contact column is considered for flue gas latent heat recovery. 
Only the cycle conditions are changed, while the coal properties, site conditions, etc. are 
maintained the same as described in Chapter 2. 
 
The results for the sub-bituminous PRB coal are shown in Figure 3-6. For all steam conditions 
shown in Table 3-1, adding a second reheat leads to approximately 1.5 %-pts. increase in net plant 
efficiency. Whereas, increasing the steam temperature and pressure from that for SC to AUSC can 
increase the efficiency by almost 3 %-pts. Overall, the highest efficiency of 40.64% is obtained by 
using an AUSC steam cycle with double reheat. If a higher rank coal, such as the Illinois #6 coal 
described in Chapter 2 is considered, the net plant efficiency is approximately 41.4%. These 
efficiencies are 25–30% higher than the current U.S. average, as shown in Figure 2-5. 
 









SC 242 593 593 
Ultra-Supercritical (USC) 277 690 690 






In this chapter, parametric analyses on the effects of combustor operating pressure and fuel 
moisture were performed for a fuel staged, pressurized oxy-combustion power plant. It was found 
that combustor pressure has only a minor impact beyond 16 bar. At higher pressures, the increase 
in pressure leads to a negligible increase on the amount of flue gas moisture condensation and only 
a small increase on the heat available for integration with the Rankine cycle. But, its ability to 
partially shift the location of the heat integration to the HP region of the Rankine cycle from the 
LP region, along with a small increase in the heat available from the ASU, results in an increase 
in the net plant efficiency. In the range of pressures considered, although the net plant efficiency 
increases, the increase is quite modest (~ 0.14 percentage points) for the significant increase in 
Figure 3-6. Net plant efficiencies when using different steam temperatures and pressures, and number of reheats in the 
Rankine cycle of the SPOC process. 
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combustor operating pressure (pressure is more than doubled in the range considered). Overall, the 
economic gain or loss due to further pressurization will be case dependent. The fuel cost, fuel 
moisture, sulfur and nitrogen in fuel, etc. will play a role in determining on a case-by-case basis 
the optimal pressure. Based on this analysis, though, it is expected that the optimum would be 
around 16 bar.  
When compared to an atmospheric pressure oxy-combustion system the plant efficiency increases 
for the high-pressure combustion systems for all moisture contents. But, if the as-fired moisture 
content of the fuel is increased, the gain in efficiency will reduce. This is an important observation, 
especially when slurry feeding is considered for high pressure operation, and when working with 
low rank coals or lignites, which require a large amount of water for slurry feeding. Operating with 
as-fired moisture lower than what would cause heat saturation in the low pressure regenerators is 
recommended. This in almost all cases translates to dry or surface-dry feeding of coal. 
Similarly, the non-linear dependence of net plant efficiency on the flue gas recycle ratio provides 
some room for recycle without significant loss in efficiency. Flue gas recycle upto a recycle ratio 
of 33% results in an efficiency penalty of less than 1 %-pts. This has implications in addressing 
other burner design constraints, as will be highlighted in Chapters 4 and 5. 
Finally, process intensification through indirect heat exchangers, instead of a direct contact column 
for flue gas moisture latent heat recovery, and advanced steam Rankine cycle can increase the 
plant efficiency. The indirect heat exchanger can increase the efficiency by 0.55 %-pts., whereas 
the advanced ultra-supercritical Rankine cycle with double reheat will result in about 4.5 %-pts. 




Introduction to Burner and Boiler Design 





In the previous two chapters, the process design and parametric analysis of the SPOC power plant 
were discussed, with an emphasis on the net plant efficiency. It was assumed that such a low flue 
gas recycle oxy-combustion boiler could be designed and operated at high pressure. This chapter 
presents a brief discussion on the primary design considerations for such a boiler, and the burner 
therein. 
Boiler walls are made up of tubes carrying water/steam at very high pressures (up to 250 bar). In 
a supercritical steam cycle, the high pressure water/steam is heated in the boiler to become a 
supercritical fluid at high temperature and pressure, and is then expanded in a turbine to produce 
electricity. Since the boiler tubes are under high pressure, significant care is required to not exceed 
their temperature constraints. A very high wall heat flux could lead to a boiler tube temperature 
that is above its limit, resulting in tube failure. In air-fired conditions, the heat flux is below the 
maximum permissible value, due to the low flame temperature caused by the large amount of inert 
(N2) in air. On the other hand, the combustion of coal with pure oxygen could result in an adiabatic 
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flame temperature as high as 3000 K, leading to excessively high heat flux. The primary method 
of controlling wall heat flux in first generation oxy-combustion is through the control of flame 
temperature by recycling a large quantity of flue gas [39, 105]. Reducing flue gas recycle has, 
therefore, traditionally been considered to pose risks and has been avoided. 
Nonetheless, reducing flue gas recycle has received interest recently due to its impact on plant 
efficiency. Furthermore, reducing flue gas recycle increases the portion of heat transfer to the 
furnace wall that is due to radiation, as opposed to convection [57]. Since radiative heat flux from 
a flame is usually higher than convective heat flux in power plants, reducing flue gas recycle can 
reduce the amount of boiler tube materials required, thereby reducing capital costs. A few 
combustor designs have been proposed for reduced recycle [55-57, 106], however, as Kobayashi 
and Bool [55] have noted, these were only demonstrated for industrial furnaces or for boilers with 
low thermal input and low temperature and pressure steam, where much higher heat fluxes can be 
handled than in a typical utility-scale boiler. None of these designs have been demonstrated for 
utility-scale boilers, due to the inability to control wall heat flux within manageable levels. 
 
4.2 Boiler Design Considerations 
In most traditional boilers, the fuel and oxidizer are supplied at the bottom of a large rectangular 
boiler and are rapidly mixed, usually by generating a swirling flow, to react the two streams and 
release heat. This configuration has many disadvantages for pressurized, low recycle combustion 
and the subsequent discussion will address why a radical departure from traditional 
combustor/boiler design is required for SPOC. For example, swirling motion has many 
disadvantages when designing a low recycle boiler where the flame temperature is higher than 
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typical.  First, the swirling motion invariably pushes the flame towards the wall—potentially 
leading to flame impingement.  Swirling also throws large particles to the wall, and for a boiler 
with a very high temperature flame, the particles can be molten, and swirling would invariably 
lead to a high level of slagging on the boiler tubes. Finally, rapid mixing could lead to an 
excessively high heat flux in the near-burner region because of the high flame temperature.  These 
issues, and others, will be addressed in the SPOC design. 
Another important difference for the design of a pressurized combustion system is that the standard 
design for a pressure vessel is a cylindrical shape and, thus, the aspect ratio is considerably larger 
in a pressurized boiler compared with the typical rectangular shape of an atmospheric-pressure 
boiler.  This high aspect ratio will be an important factor in all of the subsequent design 
considerations.   
As noted in Chapter 2, the plant efficiency of SPOC is very high due to pressurized combustion 
and minimal recycle, but the flame temperatures for the initial stages can be very high.  The high 
flame temperature presents a number of challenges, such as excessive wall heat flux and slagging, 
which will be addressed in the SPOC design. To avoid flame impingement and slagging on the 
walls requires that swirl be minimized, and a high level of symmetry be maintained throughout the 
pressure vessel.  To maintain axisymmetric flow, buoyancy dictates that the pressure vessel and 
burner be oriented vertically. This is very different from the traditional atmospheric-pressure 
boilers, which are typically up-fired, with the burners placed horizontally on vertical walls. For 
SPOC, the axisymmetric burner arrangement is preferred, with the burner down-fired from the top 
of the cylindrical pressure vessel.  Down-firing from the top (as opposed to up-firing from the 
bottom) avoids the possibility that ash/slag build-up will fall on the burner. 
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A number of factors must be considered to avoid excessive heat flux, but a more fundamental 
question with respect to heat flux in the pressurized system is how to ensure high, but not excessive 
heat flux throughout the length of the long, narrow (high aspect ratio) pressurized boiler. A high 
average heat flux over the length of the boiler will minimize boiler tube surface area, and lead to 
a reduction in capital costs for the plant.  As will be shown, with proper design for SPOC, a high 
radiative heat flux can be maintained throughout the boiler. This is assisted by ensuring slow 
mixing between the fuel and the oxidizer, so that the heat release can be distributed over a longer 
length of the boiler.  Once again, this shows a fundamental difference between pressurized 
combustion and traditional boiler combustion, where rapid combustion and heat release are 
required.  As an example, in Figure 4-1 [107] the heat flux profile for coal burning in pure oxygen 
in a swirl-stabilized, rapidly mixed combustor is compared with that of an axial jet flame with the 
same coal and oxygen feed rate. The swirl-stabilized flame leads to rapid mixing and heat release, 
which leads to a sharp peak in heat flux as well as flame impingement, whereas the axial jet flame 







While the axial jet flame has a lower mixing rate than the swirl-stabilized flame, it does not 
intrinsically represent a low-mixing system. To minimize mixing, a low relative velocity between 
the fuel and the oxidizer is needed because in an axial flow system, near-burner mixing is 
controlled by the relative velocity between the streams. Furthermore, if such a system can be 
designed, while at the same time avoiding recirculation, there would be no mean velocity towards 
the wall. The lack of mean radial velocity would reduce the rate of deposition on the wall by an 
order of magnitude, due to the elimination of inertial impaction [108]. Fuel-staging, as discussed 
in Chapter 1, leads to a higher gas flow than the stoichiometric amount required by the fuel in that 
stage. This larger gas flow can also act as a shroud to reduce particle deposition on the walls. 
However, for the small number of particles that still penetrate the boundary layer and reach the 
wall, due to eddy-impaction or thermophoresis, the shroud gas can be used to cool them enough 
to avoid slagging [108]. 
Figure 4-1. A comparison of a swirl-stabilized and an axial jet flame of coal combusting in pure oxygen. 
Temperature contours in false colors are shown on the left, and the corresponding wall heat flux profiles are 
shown on the right. Figure reproduced from Xia et al. [80]. 
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External recirculation can be avoided by controlling the Thring-Newby parameter [98, 109]. Still, 
in a high-temperature down-fired flame, buoyancy could lead to internal recirculation. Depending 
on the size and location of the internal recirculation, the volatile flame shape could significantly 
be altered. A much shorter and bulkier volatile flame could result, leading to flame impingement 
and therefore a very high heat flux. For illustration, a false-color temperature contour from 
simulation of a case with buoyancy is compared to a case without buoyancy (body-force set to 
zero) in Figure 4-2. 
 
 
Finally, even if flame-impingement could be avoided and a distributed heat release achieved, since 
the adiabatic flame temperature in this system will be very high, the wall heat flux could also be 
very high. To control the wall heat flux in such low-recycle systems, the burner and boiler can be 
designed to utilize radiative trapping. Detailed discussions on the fundamentals and the potential 
applications of radiative trapping are presented in [110, 111]. In the next section, only a brief and 
simplified overview of the concept is given. 
4.2.1 Radiative trapping 
Radiative trapping, in the present context, is a means of controlling radiative heat flux to the boiler 
tubes. It is illustrated in Figure 4-3, which shows a boiler with high temperature in the central core 
Figure 4-2. Temperature contours for a case with buoyancy (top) and a case without buoyancy (bottom). 
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region and low temperature near the walls. In the figure, the optical thickness from the wall, w(x), 
is a measure of the opaqueness of the medium between any location, x distance from the wall, and 
the wall. It is calculated by integrating the local extinction coefficient of the medium, ke(x) over 
the radiation path length, 
0
( ) ( )
x
w ex k x dx   . The extinction coefficient is defined as the inverse of 
the distance that radiation travels in a medium before it is scattered and/or absorbed. Obviously, 
w increases from zero at the wall to a higher value when approaching the axis of the boiler. A 
medium is considered optically dense when w is much larger than 1, because the radiation 




Based on Beer’s law, the transmissivity of a medium with an optical thickness, 𝜏𝑤, is given by 
 exp ( )w x  [113] . A greater optical thickness leads to less transmission of radiation through the 
medium. For example, if 𝜏𝑤 is 2.3 at a certain location, the transmissivity between this location 
Figure 4-3. Illustration of radiative trapping 
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and the wall is about 10% (≈ e-2.3), meaning that of all the incident radiation reaching this location, 
only 10% passes through towards the wall. The rest is either absorbed or scattered by particles 
within the medium. In such a situation, even if the local emission in the system is very high, 
especially in regions where both the temperature and the number of emitters (particles) are very 
high, the incident radiation at the wall is independent of the high local emission, provided that the 
emission occurs 𝜏𝑤 > 2.3 away from the wall. Instead, it is mainly dependent on the temperature 
and medium properties between the wall and the location where 𝜏𝑤 is 2.3. This region is termed 
the “radiation penetration layer” (see Figure 4-3). Thus, if a burner and boiler can be designed so 
that the medium inside the boiler is optically dense and the temperature in the radiation penetration 
layer is low, the wall heat flux will also be low, irrespective of the temperature in the core of the 
boiler. 
An optically dense medium can be created by increasing the extinction coefficient of the medium. 
In a particle-laden medium, the local extinction coefficient of the medium is given by [113] 
2
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  (4-1) 
where Np, Qe, and dp are, respectively, the particle number concentration, extinction efficiency 
factor, and diameter of particle of size i. A larger particle number concentration leads to larger 
extinction coefficient, but, for most standard boilers, where the optical thickness is low enough 
that the medium is optically thin, increasing the particle concentration of the medium increases the 
number of emitters and thus the heat flux to the wall. Consequently, from a conventional radiation 
perspective, a high particle number concentration leads to a high wall heat flux.  
However, in a low-recycle, pressurized oxy-combustion system, the particle number concentration 
could be increased significantly due to the combination of high pressure and low dilution gas 
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volume, such that the medium is extremely optically thick, i.e., optically dense. Such a medium 
can then effectively trap a significant portion of the radiation emanating from the core of the boiler. 
With proper burner and boiler design, where the temperature is low in the radiation penetration 
layer, these boilers can utilize radiative trapping, instead of flue gas recycle, to control wall heat 
flux.  
Note that radiation is also trapped in other pressurized systems, such as gasifiers. While these 
systems are not specifically designed to control wall heat flux, the heat transfer is modeled as 
conduction rather than radiation due to the high extinction coefficient in these systems [114-116]. 
 
4.3 Burner and Boiler Constraints 
Xia et al. [98], using computational fluid dynamics (CFD) simulations, showed a design for the 
SPOC boilers where, even at very low flue gas recycle, the wall heat fluxes for all stages were 
controlled to manageable levels for utility-scale applications using radiative trapping. In the 
design, the fuel was staged into four boilers, while all the oxygen was supplied to the first stage, 
creating highly over-ventilated initial stages. After combustion of the fuel in the first stage and 
sufficient cooling by heat transfer to the boiler tubes, the exhaust gas—which still contained a high 
oxygen concentration—was fed to the next stage where more fuel was injected and some of the 
oxygen was consumed. This process was repeated until almost all the oxygen and all the fuel was 
consumed. In this system, the flue gas recycle was only about 5% of the total exhaust gas, and was 
required only for the dense-phase transportation of the fuel [46]. 
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Though conceptually the design of Xia et al. [98] shows that the wall heat flux can be controlled 
using radiative trapping even for negligible flue gas recycle, certain practical constraints might 
limit the use of such a design. Primary among them is the high oxygen concentration next to the 
boiler tubes. For example, in Stage 1 of the design, the oxygen concentration next to the boiler 
tubes could be as high as 100%, creating a risk of metal fires if an ignition source—such as an 
impacting ash particle—is present. Thus, to provide a safe operating condition, the oxygen 
concentration next to the wall must be constrained to a pre-defined maximum, dictated by the 
application—utility boiler or industrial furnace. A new burner design will be presented in Chapter 
5, which satisfies the constraints presented herein. 
An additional challenge faced by the power generation industry is the need to respond to increasing 
variability in demand due to the increased market penetration of renewable energy sources. Coal 
and combined cycle gas power plants, which were historically considered base-load generators 
and required minimal cycling, are now being subjected to significant and deep cycling. New plants 
must be designed to operate at various reduced plant loads, i.e., turndown [117, 118]. The impact 
of flexible operation on carbon capture plants has been studied from the perspectives of both 
process and boiler operation [119-124]. Stanger et al. [39] discussed the preferred characteristics 
of new power plant designs and indicated that a stable turndown to 40% thermal load is desirable 
for the burner and boiler. Impact of turndown on the wall heat flux in such a low recycle, 
pressurized oxy-combustion boiler will be studied in Chapter 6, and modifications to the design of 
Chapter 5 will be presented in for improving the flexibility of the boiler. 
Finally, for a high temperature co-axial flame with a long flame length, there is a high potential to 
form and emit large amounts of soot. Higher pressure further increases the sooting tendency. Large 
amounts of soot could significantly change the radiative characteristics in the boiler, and if 
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unburnt, it would also lead to loss of boiler efficiency. Any unburnt soot could also deposit on heat 
transfer surfaces, reducing their efficiency. In coal combustion, soot is generated during the 
devolatilization, wherein due to the envelope nature of the volatile flame—similar to gas flames—
a reducing environment is created, and the oxygen deficiency promotes tar and soot formation. 
There are two ways to deal with soot in such systems—prevent its formation in the volatile 
envelope, or burn it off immediately downstream of the flame. A method of controlling soot 
formation in high temperature turbulent flames is presented in [58] and Appendix B, with a detailed 
discussion on the affected chemical mechanisms. In Chapter 7, a simplified discussion on the soot 




The basic design considerations for the SPOC boilers were laid out in this chapter. Limitations of 
the conceptual boiler design of Xia et al. [98] were discussed. The next three chapters will address 
the three main considerations for a practical SPOC boiler design, viz.: 
(a) Control of the oxygen concentration next to the boiler walls. 
(b) Enhanced operational flexibility. 









As discussed in the previous chapter, the boiler design of Xia et al. [98] had a very high oxygen 
concentration next to the boiler walls in the initial stages. The current chapter will discuss a new 
burner that can reduce the maximum oxygen concentration next to the boiler walls, while still 
maintaining a low flue gas recycle. Certain modifications to the process will also be discussed, 
where with little loss of efficiency, the complexity of the process can be further reduced. 
 
5.2 Process Modification—Reduction in the Number of 
Stages 
The design presented in Gopan et al. [46] and Xia et al. [98] focused on a 4 stage SPOC process 
with very little flue gas recycle. However, as discussed in Chapter 4, the oxygen concentration 
next to the boiler tubes might need to be controlled to a pre-defined maximum from a safety 
perspective due to the high temperature environment in the boiler. To control the near-wall oxygen 
concentration, some amount of flue gas recycle would be required. The objective is to keep the 
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amount of flue gas recycle sufficiently low, such that the loss in efficiency associated with the 
recycling of flue gas is not large. In Chapter 3, the effect of cold recycle of flue gas on the net plant 
efficiency was presented. It was seen that the efficiency penalty for recycling flue gas is very small 
for recycle ratios less than 33%. 
If some flue gas recycle is used in the process, further simplification of the process is possible by 
reducing the number of stages from four to, say, three. A simplified process flow diagram for this 
is shown in Figure 5-1. In this process, flue gas recycle would only be required in stage 1 to control 
the oxygen concentration next to the wall. The near-wall oxygen concentration of the other stages 
would be controlled using the products of combustion from the previous stage. The smaller number 
of stages, and the burner modifications presented in this paper, significantly reduce the complexity 
of the process and provide additional control on the amount of oxygen and its inlet concentration 
for each stage. Furthermore, with the new design, each stage can be supplied with some amount 
of pure oxygen through a central tube to enhance the combustion characteristics, such as ignition 
and flame stabilization, as well as reaction rates due to multiple flame fronts, as discussed in 
section 5.5. Using computational fluid dynamics (CFD) simulations, the effects of various design 
parameters on the fluid dynamics, and thereby the wall heat flux in a pressurized boiler are 
investigated. The principles developed here can then be utilized to design low recycle, pressurized 
oxy-combustion burner/boilers, where wall heat flux is controlled by flame shape and radiative 







5.3 Burner Design 
In these high temperature, vertical, pressurized boilers, to minimize the effect of buoyancy, which 
could negatively impact flame shape and wall heat flux, the initial section of the boiler is designed 
as the frustum of a cone, as shown in Figure 5-2. This helps in maintaining a low Richardson 
number (i.e., low natural convection relative to forced convection) throughout the flame region. 
The effectiveness of such a cone-shaped boiler in avoiding buoyancy-induced recirculation has 
been demonstrated in Xia et al. [98] and Gopan et al. [125]. The Richardson number is low at the 
burner head because the small cross-sectional area of the conical design yields a high velocity. As 
the flow moves downstream, the cross-sectional area increases, but the volumetric flow rate of the 
gas also increases, because as the coal devolatilizes and combusts, both the moles of gas and the 
gas temperature increase. The cone angle of the boiler is designed by matching the increasing 
volumetric flow rate of the gas with the increasing cross-sectional area. The axial profile of the 
mass-averaged mean velocity for the base case (discussed later) is shown in Figure 5-3 to 
Figure 5-1. Simplified process flow diagram for a three-stage SPOC power plant. 
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demonstrate the effectiveness of the conical design in maintaining a relatively uniform, high 




To provide a safe operating condition, with the oxygen concentration next to the wall constrained 
to a pre-defined maximum, while still maintaining a low flue gas recycle, the burner design, shown 
in Figure 5-2, incorporates a central pure oxygen stream surrounded by fuel in an annulus, which 
Figure 5-2. Geometry of the burner and the boiler. 
Figure 5-3. First 20-meter axial profile of the mass-averaged mean velocity in the boiler. 
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is further surrounded by a secondary oxidizer (SO) with an oxygen concentration that can be 
varied. In this study, as an example, the SO oxygen concentration is held constant at 35 vol.%, 
which is similar to the SO oxygen concentration in first generation oxy-combustion. Circular rings 
are included on the nozzle ends on both the surrounding oxidizer side and the central oxygen side 
of the fuel annulus to assist with flame holding. These rings trip both oxidizer flows at the burner 
exit and cause small localized recirculation zones at the burner, which enhances flame stability, 
resulting in predicted flame attachment for a wide range of flows, including all flow conditions 
modeled in this study. The first 2 m of the boiler wall is refractory and is modeled as adiabatic.  
It is important to note that this design with inner oxygen is quite different in both intent and 
implementation from the oxygen lance used in some other atmospheric pressure oxy-combustions 
burners. In the atmospheric pressure systems, an oxygen lance stabilizes the flame at the burner 
tip and incrementally improves boiler efficiency. In such systems, the amount of oxygen used is 
less than 5% of the total oxygen required for the fuel [126]. In contrast, the amount of oxygen 
supplied from the inner tube in the SPOC burner is substantial and can even be more than the 
oxygen required for stoichiometric combustion of fuel in that stage. Furthermore, since the pure 
oxygen stream in the center is surrounded by a large number density of fuel particles, the radiation 
from the flame is trapped and only a portion reaches the wall, thereby controlling wall heat flux 
even with reduced recycle. Finally, the surrounding oxidizer (SO) can be used to create a “buffer 
layer” between the flame and the wall, thus maintaining a low temperature inside the radiation 
penetration layer for a long distance, and enhancing the effectiveness of radiative trapping. To the 
best of the authors’ knowledge, this approach has hitherto not been explored.  
There are any number of ways in which the flows of fuel and oxidizer in the three stages can be 
distributed. To maintain a relatively low oxygen concentration near the boiler walls, some flue gas 
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recycle is required in the first stage, with the later stages using the exhaust gases from the previous 
stage to maintain a relatively low near-wall oxygen concentration. The flue gas recycle ratio is 
thus inherently a function of the oxygen concentration in the SO flow in the first stage. For a given 
SO oxygen concentration and total fuel amount, assigning less fuel in the first stage would lead to 
a smaller flue gas recycle ratio. For a SO oxygen concentration of 35%, even with an equal 
distribution of fuel between the stages, the amount of flue gas recycle required is only 33%. This 
SO oxygen concentration is similar to the oxygen concentration in first generation oxy-combustion 
processes which utilize about 70% of flue gas recycle. Thus, the same near-wall oxygen 
concentration can be maintained with less than half the amount of recycle incorporated in first 
generation approaches. Process calculations show that under these conditions the effect on net 
plant efficiency is small (less than 1 %-pt.). In practice, the process configuration could utilize a 
deeper staging, resulting in a still smaller flue gas recycle.   
PRB coal is assumed for this study, with the proximate and ultimate analyses provided in Table 5-
1. The coal thermal input to the stage is 385 MWth, and is carried by a 1.2 kg/s stream of CO2. The 
inner oxidizer is pure oxygen with a flow rate of 21.7 kg/s for the base case, corresponding to 78% 
of the total oxygen required for the fuel in this stage. The flow rate of the surrounding oxidizer for 
the base case is 69.44 kg/s. 
 
Table 5-1. Properties of Powder River Basin (PRB) coal 
Proximate analysis (%wet) Ultimate analysis (%daf) HHV 
(MJ/kg) Moisture VM FC Ash C H O N S 




Critical design parameters are studied to determine their impacts on wall heat flux. These can 
broadly be broken down into two categories: 1) the effect of buoyancy-induced internal 
recirculation, and 2) the effect of fluid dynamic mixing between the fuel and the two oxidizer 
streams. Finally, the effect of scaling on wall heat flux will be discussed briefly. 
5.4 CFD Methods 
ANSYS FLUENT version 13.0 was used to simulate different burner designs. The flow field was 
modeled using the Reynolds-Averaged Navier-Stokes (RANS) equations with the Semi-Implicit 
Method for Pressure Linked Equations (SIMPLE). Particle trajectories were computed in the 
Lagrangian frame and were coupled to the gas phase. The sub-models used in this study are 
presented in Table 5-2, together with the particle and wall properties. Further details on the 
selection criteria for the sub-models and the sensitivity studies of the particle and wall properties 
are discussed in Appendix A. Mesh insensitivity studies, including comparison with a 3D mesh 
consisting of 10 million cells, showed that a 2D axisymmetric mesh with 230,000 cells was 





  Table 5-2. CFD sub-models and some input parameters 
 Sub-models and parameters  Source 
Turbulence shear stress transport k-ω [127] 
Turbulence-chemistry 
interaction  
Finite rate/eddy dissipation model [128] 
Particles turbulent dispersion  Discrete random walk model [128] 
Coal devolatilization Chemical percolation devolatilization model [129] 
Char oxidation  Kinetics/diffusion-limited model [128] 
Radiation Discrete ordinates model [130, 
131] 
Gas absorption coefficient Weighted sum of gray gases model [132] 
Coal size distribution Rosin-rammler distribution, dmean = 65 
μm,dmin = 10 μm, dmax = 200 μm, s =3.5 
[98] 
Particle emissivity 0.6 [133] 
Particle scattering factor 0.6 [134] 
Wall emissivity  0.8 [135] 
Wall temperature  700 K [136] 
 
5.5 Results and Discussion 
5.5.1 Low-recycle SPOC boiler—base design 
The use of two separate oxidizer streams produces a flame structure with two volatile flame fronts, 
as shown schematically in Figure 5-2. The inner flame front (closer to the axis) results from the 
reaction between the fuel and pure oxygen (inner oxygen), and the corresponding local flame 
temperature is very high (~2800 K). The outer flame front results from the reaction between the 
fuel and the secondary oxidizer (SO), which has a lower oxygen concentration, and thus the 
corresponding flame temperature is lower.  
When over-ventilated (i.e., excess oxygen is delivered for that boiler stage relative to the 
stoichiometric requirement for complete consumption of the fuel delivered to that stage), three 
main flame types can result, as shown in Figure 5-4. The type of flame formed would depend on 
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the amount of oxygen supplied through each oxidizer tube, relative to the stoichiometric amount 
required by the fuel in the stage. The following discussion on the flame types assumes that the 
total oxygen supplied is the same (same stoichiometric ratio), though its placement through the 
inner and surrounding oxidizer tubes could be different. The Type I structure occurs when the 
oxygen supplied through the SO is much lower than the stoichiometrically required amount, 
resulting in a short outer flame, while the inner oxygen (IO) flame expands to the wall. This 
configuration leads to flame impingement, and hence is not an acceptable configuration. The Type 
II structure occurs when the SO oxygen supply is sufficiently high to prevent flame impingement, 
but the inner oxygen supply is much lower than the stoichiometric requirement. Due to a small 
oxygen supply from the central tube, the inner flame is small. This configuration is acceptable 
from a flame impingement perspective. But, for a given stoichiometric ratio in the stage, this 
structure would result in a relatively high flue gas recycle requirement since much of the required 
oxygen is supplied from the SO ([O2] = 35%, [recycled flue gas] = 65%). The Type III structure 
occurs when the SO flow is just sufficient to prevent flame impingement, while most of the oxygen 
is supplied as inner oxygen. Since most of the oxygen required for the combustion of the fuel in 
the stage is supplied through the inner tube, this configuration utilizes the full advantage of pure 






Under the conditions discussed for the base case in Section 5.3, a Type III flame structure is 
formed, as can be observed from the volatile reaction rate contours shown in Figure 5-5. The 
temperature contour, and the location where the radial optical thickness from the wall (w) is 2.3 
(i.e., transmissivity is 10%) is also presented in Figure 5-3. The region between the wall and this 
curve is the radiation penetration layer. Due to the high particle number density caused by the 
elevated pressure and low flue gas recycle, the radiation penetration layer is very close to the wall 
for most of the boiler. Furthermore, the temperature inside this layer is much lower than in the core 
of the boiler, especially in the flame region. This is caused by the “cold buffer layer” created by 
the secondary oxidizer stream, and the cooling effect of the water tubes. As an example, the near-
Figure 5-4. Possible flame shapes for a triaxial system with fuel in the annulus, and two oxidizer streams.  
Dark blue represents the flame resulting from the SO and red represents the flame resulting from the IO. 
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wall temperature distribution, including within the radiation penetration layer, is shown in more 
detail in the inset of Figure 5-5 for the region between 8 m and 10 m from the burner. 
 
 
The radiative and total (radiative plus convective) heat flux profiles are shown in Figure 5-6. It is 
clear, that in the initial region, the radiative heat flux is much lower than what might be expected 
from such a high flame temperature (up to 2800 K) if radiative trapping had not been effectively 
implemented. Further downstream, as the buffer layer gradually dissipates due to mixing, the 
average temperature in the radiation penetration layer increases, as does the heat flux. Nonetheless, 
the boiler design ensures that the radiative heat flux is not excessive even further downstream, due 
to the relatively lower temperature maintained in the radiation penetration layer throughout the 
boiler. The peak radiative heat flux is comparable to that observed in air-fired boilers, even though 
the temperature in the core of the boiler is much higher. 
Figure 5-5. Volatile reaction rate and temperature contours for the base case. Note: Only the first 30 m of 





In this axial flow boiler, the axial gradients are much smaller than the radial gradients, especially 
in the radiation penetration layer. This layer effectively acts as a boundary layer for radiation and, 
similar to other boundary layers, it can be analyzed as a one-dimensional problem. Thus, in the 
following sections, the radial temperature profiles in this region will suffice for a qualitative 
discussion of the impact of various design parameters on wall heat flux.  
5.5.2 Parametric study of important design parameters 
Effect of buoyancy-induced internal recirculation 
As described in Section 5.3 the cone angle is designed to result in a uniform axial velocity profile 
(Figure 5-3) to minimize the impact of buoyancy. The impact of buoyancy-induced internal 
recirculation on the wall heat flux of such an optically dense boiler is studied here by changing the 
conical frustum length to induce recirculation. For a given cone angle, a longer frustum length 
leads to a larger boiler diameter and lower velocity, which could lead to buoyancy-induced internal 
recirculation.  
Figure 5-6. Radiative and total heat flux profile for the base case. 
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Figure 5-7 shows the axial velocity and temperature contours for two cases, the base design with 
no recirculation (10 m cone length), and another design with internal recirculation (20 m cone 
length and same cone angle). In the latter case, the internal recirculation zone is formed at around 
18 m. While this is downstream of the peak temperature region, the recirculation slows the fluid 
flow upstream, causing the peak temperature region to broaden. This pushes the high temperature 
gases closer to the wall and results in a higher temperature in the radiation penetration layer.  
 
 
Due to the small internal recirculation created by buoyancy near the end of the volatile flame, a 
small difference in the temperature distribution in the radiation penetration layer exists between 
the two cases. Since the effectiveness of radiative trapping in controlling wall heat flux is 
Figure 5-7. First 30 m of (a) axial velocity and (b) temperature contours for two lengths of the conical 
frustum (10m and 20m). 
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dependent on ensuring a low temperature near the wall, the increased temperature in the radiation 
penetration layer, which is caused by internal recirculation for the 20 m conical frustum, leads to 
slightly higher peak heat flux, as shown in Figure 5-8. It is important to recognize that the 
difference in heat flux is a function of the size of the internal recirculation and its location—for 
example, a large recirculation in the high-temperature volatile flame region could lead to a much 
higher temperature in the radiation penetration layer, and thereby wall heat flux. Note, we need 
only concern ourselves with the near-wall region, since the system is optically dense. 
 
 
Effect of fuel-oxidizer mixing 
The rate of mixing of the fuel stream with the oxidizers can affect the temperature distribution in 
the boiler, including the radiation penetration layer, and thereby the heat flux. Mixing can be 
affected by changing the relative velocities between the streams either by changing the physical 
size of the various tubes in the burner for given flow rates, or by changing flow rates for a given 
burner geometry.  
Figure 5-8. Wall heat flux profiles for the two conical frustum lengths shown in Fig. 5-7. 
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Effect of burner tube size: 
Three different cases, summarized in Table 5-3, were simulated to understand the impact of the 
relative velocity between the streams on wall heat flux. The size of the IO tube was varied while 
keeping the overall size of the burner and the hydraulic diameter of the fuel tube fixed. The 
hydraulic diameter of the SO tube was thus changed. The sizes chosen were such that in one case 
the inlet velocity of the IO was higher than that of the SO (Case G1), in the second case they were 
nearly equal (Case G2), and in the third case the inlet velocity of the SO was higher than that of 
the IO (Case G3). The momentum ratios and velocities for all cases were chosen such that there is 
no recirculation (internal or external) [109]. Note, Case G2 is the base case, as discussed in the 
previous section. 
 
Table 5-3. Velocities and geometries of the burner 
 Hydraulic diameter (m) Mean Outlet Velocity (m/s) 








G1 0.508 0.625 7.40 4.10 
G2 0.635 0.513 4.74 4.72 
G3 0.889 0.292 2.42 7.48 
 
Figure 5-9 shows the temperature contours and radiation penetration layers for the three cases. The 
volatile flame lengths, as determined by the completion of volatile reactions, are shown with red 
arrows. As expected, the volatile flame lengths are shorter for cases G1 and G3, where the streams 
have different velocities, as compared to case G2, where all streams have similar velocities. The 
faster mixing caused by the higher relative velocities between the streams not only reduces the 
volatile flame length, but also increases the radial mixing in the near-burner region. The increased 
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radial mixing results in an increase in temperature in the radiation penetration layer, as shown in 
the inset of Figure 5-9. The differences in the temperature profiles in the radiative penetration 
layers are reflected in the near-burner variations in the radiative heat flux profiles, as shown in 
Figure 5-10.  
 
 
Figure 5-9. Temperature contours with optical thickness of 2.3 from the wall overlaid for different burner 




However, the peak heat fluxes for the three designs are quite similar. The peak heat flux location 
is where the “cold buffer gas” flow near the wall has mixed with the hot combustion gases enough 
to reach a maximum average temperature in the radiation penetration layer. Due to the relatively 
low wall heat flux and the small wall surface area in the near burner region, the near-burner 
variations in the radiative heat flux profiles mentioned above have little impact on the post-flame 
flue gas temperature, and thus on the downstream temperature in the radiation penetration layer.  
Effect of inner oxygen flow rate: 
As explained in the introduction of Section 5.5.2, changing the IO flow rate will affect mixing.  
Varying the IO flow rate also changes the overall stoichiometric ratio in the particular stage. Note 
that this does not affect the total oxygen consumption for the entire plant. This is because with the 
staging implemented in the SPOC process, the distribution of oxidizer to each stage can be varied 
without varying the total oxygen supplied. In this section the IO flow rate will be characterized by 










IO is the mass fraction of oxygen in the inner oxidizer (= 1 for this work), 𝑚IO is the mass 
flow rate of the inner oxidizer, and 𝑚O2st is the mass flow rate of oxygen required 
stoichiometrically for the complete combustion of the fuel supplied to the stage. Four different 
inner oxygen flow rates are considered, corresponding to SRIO of 0.35, 0.78 (base case), 1.28 and 
1.78. In all cases, the SO flow rate is the same and the total oxygen supplied is more than required 
by the fuel in that stage. 
The temperature contours for the different cases are shown in Figure 5-11. Similar to Figure 5-9, 
the red arrows mark the volatile flame lengths for the various cases. With increasing inner oxygen 
flow, the flame length is shorter, and there are two reasons for this. First, with increasing inner 
oxygen flow, the mixing between fuel and pure oxygen increases due to the increased relative 
velocity, leading to a higher combustion rate. Second, the downstream oxygen concentration is 
higher with higher SRIO.  
 
Figure 5-11. Temperature contours for different SRIO. The red arrows indicate the volatile flame lengths as 
determined by completion of volatile reactions. 
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Figure 5-12 shows the radiative heat flux profiles for the four cases. The peak radiative heat flux 
is similar for all cases, as it was in the previous sub-section where burner geometry was varied. 
However, in the near-burner region, due to differences in local mixing, the location of the peak 
heat flux is different. Far downstream, the well-mixed temperatures are different, due to 
differences in the total gas supplied to the stage, resulting in different wall-heat fluxes.  
 
 
Increasing the inner oxygen flow rate between that of SRIO = 0.35 and 0.78 does not affect the wall 
heat flux significantly in the near-burner region. This is because, with a low IO flow rate, the 
velocity of the SO is higher and it dominates the temperature in the near-wall region (radiation 
penetration layer). Thus, there is a broad range of operating conditions under which the radiative 
heat flux profiles are similar, and a broader range, where the peak radiative heat fluxes are similar.  
This implies that the basic burner design is robust and not prone to strong swings in wall heat flux 
under varying operating conditions.  
 




In this chapter, a new and flexible, staged, pressurized oxy-combustion (SPOC) boiler design is 
presented for carbon capture with low flue-gas recycle. The burner and boiler design is based on 
the goal of ensuring a relatively smooth and high wall heat flux profile over the length of the boiler, 
with a manageable level of peak heat flux.  Inner oxygen injection is utilized to supply most of the 
required oxygen, thus minimizing flue gas recycle, while still maintaining a low oxygen 
concentration next to the boiler tubes, with the use of a surrounding oxidizer outside of the fuel 
annulus. With the fuel being supplied in the annulus, a significant portion of the radiation from the 
inner-oxygen flame is trapped, thus effectively limiting wall radiation even though the inner-
oxygen flame is at a very high temperature. The surrounding oxidizer serves to keep the flame 
away from the wall. It also serves an additional purpose of providing a cold buffer gas layer next 
to the wall to keep the temperature in the radiation penetration layer low, enabling radiative 
trapping as a means to control wall heat flux. This design allows the number of stages to be 
minimized and three stages is found to be optimum.  Furthermore, flexible operation is possible 
by the ability to control the amount and concentration of oxygen supplied to each stage in this 
multi-stage process.  
Through a systematic study of several burner and boiler parameters, the critical factors affecting 
wall heat flux profiles were evaluated. The boiler design has been shown to be quite robust, with 
the peak wall heat flux of the SPOC boiler being resilient to firing conditions. The most ideal 
conditions to ensure a high and relatively flat wall heat flux profiles is presented. Finally, though 
not discussed in detail in this paper, the total heat flux closely follows the radiative heat flux 
because the convective heat transfer coefficient is not very high for parallel flow systems, and the 








An important consideration for all new thermal electric power plants is the variable thermal 
loading during the operating lifetime of the plant. The growing share of renewable energy sources 
producing clean, yet unreliable and intermittent, electricity is forcing natural gas combined cycle 
and coal-based power plants to operate with daily load variations [119]. As an example, a joint 
study by Siemens and VDE recently concluded that depending on the wind conditions in Germany, 
there could be 100% daily start-stop for baseload generators [137]. Similar problems are being 
faced by electric grid operators in most of Europe and US. A simple schematic showcasing the 
problem is presented in Figure 6-1 [138]. 
Figure 6-1. Schematic showing the comparison of electricity produced by renewable sources and the electricity 




In terms of plant flexibility, a number of areas need to be addressed, such as equipment—especially 
the turbomachinery—performance at varying turndown ratios, the operation of the boilers, the 
maximum ramp rates possible, and heat integration. The plant performance for various carbon 
capture processes has been studied [119-124]. The performance of pressurized oxy-combustion 
under varying loads has also been evaluated [139]. The role of the flue gas moisture latent heat 
recovery section, and its integration into the Rankine cycle for low-pressure regeneration, was 
found to be invaluable in enhancing the cycle flexibility for the pressurized oxy-combustion 
systems [139]. There are other aspects of the SPOC process, such as the multi-stage design, and 
the low temperature NOx removal (instead of a high temperature SCR / SNCR based process), that 
are also advantageous for flexible operation [46, 124], but these are not the focus of this chapter. 
Stanger et al. [39] discussed the preferred characteristics of new power plant designs, and indicated 
that a stable turndown to 40% thermal load is desirable for the burner and boiler. In Chapter 5 a 
new burner and boiler design was introduced for the low-recycle pressurized oxy-combustion 
process. In this chapter, we focus on the turndown capability of the boiler of the three-stage SPOC 
process. Following Stanger et al. [39], and in keeping with the theme of Chapter 5, we will focus 
on the wall heat flux for operation at 40% of design load. Modifications to the design of the boiler 
presented in Chapter 5 will be introduced to better control heat flux under varying thermal loads. 
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6.2 CFD Methods and Simulation Conditions 
The boiler and burner design from Chapter 5 are shown in Figure 6-2. The coal properties and the 
baseload operating conditions are presented in Table 6-1. ANSYS FLUENT version 13.0 was used 
to simulate the boiler. The modeling methods, the sub-models, and the boundary conditions are 
the same as in Chapter 5. The number of cells in the 2D axisymmetric simulation space was 
increased from 230,000 to 343,000 to accommodate for some of the new boiler modifications to 
be presented in this chapter. Mesh sensitivity studies were conducted and this number was deemed 
sufficient to model the features of interest for this study. 
 
Table 6-1. Coal properties and operating conditions. 
Coal properties (Powder River Basin) 
Proximate analysis (%wet) Ultimate analysis (%daf) HHV 
(MJ/kg) Moisture VM FC Ash C H O N S 
27.42 31.65 36.43 4.5 73.81 5.01 19.91 0.95 0.32 20.47 
Operating conditions 
 Mass flow rate (kg/s) O2 (vol. %) CO2 (vol. %) Temp. (K) 
Coal 18.8    
Coal carrier gas 1.2 0 100 458 
Central oxygen  21.7 100 0 458 
Secondary oxidizer 69.4 35 65 458 
Figure 6-2. Geometry of the boiler and burner. Reproduced from Chapter 5. 
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6.3 Effect of Turndown 
The radiation and total wall heat flux for the base case, T100 (100% thermal input), and the 
turndown case, T40 (40% thermal input), are shown in Figure 6-3. As the thermal input is reduced, 
the location of the peak heat flux shifts closer to the burner, and the peak value is higher than at 




The first 30 m of the temperature contours for the two cases are shown in Figure 6-4. The flame is 
attached for both cases, but with turndown it is shorter since less fuel is supplied and thus the fuel 
is consumed earlier.  In addition, the flame is closer to the wall on turndown, as shown in the figure 
inset of the magnified region between 8 and 10 m. The proximity of the flame to the wall causes 
the average temperature in the radiation penetration layer (i.e., the region between the wall and the 
2.3w   contour) to increase.  




The reason that the flame resides closer to the wall with turndown can be understood from the 
axial velocity contours shown in Figure 6-5.  During turndown, the fuel and oxidizer inputs to the 
boiler are reduced, leading to lower velocities in the boiler. This reduced velocity leads to a higher 
Richardson number and buoyancy induced recirculation (Figure 6-5), further shortening the flame 
and pushing it closer to the wall.  
 
Figure 6-4. The first 30 m of the temperature contours for the base case (100% thermal input) and the turndown 
case (40% thermal input) with τw = 2.3 contour overlaid. 
Figure 6-5. The first 30 m of the axial velocity contours for the base (100% thermal input) case and the 




Although the boiler system is well-designed for 100% thermal input, the design needs to address 
the high peak heat flux at turndown, and avoid buoyancy-induced adverse pressure gradients that 
lead to a flame close to the wall. A method to address this shortcoming with a modification to the 
design is discussed in the next section. 
 
6.4 Modified Boiler Design 
To enhance the effect of radiative trapping when operating the system under reduced thermal input, 
the high temperature gases should be “focused” to the center (axis) of the reactor, and not allowed 
to spread quickly to the walls. Also, the velocities must be kept high, even at the reduced flow 
rates associated with turndown. To achieve this, small obstructions, such as rings, can be added to 
the wall so that small, localized recirculation zones are formed in their wake.  As will be shown 
below, this effectively pushes the remaining flow away from the wall, keeping the near-wall region 
relatively cold for a longer distance. The displaced flow increases the velocity in the core of the 
boiler, which reduces the effect of buoyancy, and consequently the bulging of the flame towards 
the wall. An added advantage of such a modification is that the maximum diameter of the boiler 
can be increased. This is because buoyancy-induced internal recirculation in the flame region, 
which was found in Chapter 5 to limit the maximum diameter of the boiler, does not occur until 
much larger diameter. The increased boiler diameter can help further reduce the heat flux, while 




6.4.1 Wall rings 
The boiler design was modified by adding rings—with a rectangular cross-section—to the walls 
of the boiler, starting at 2 m downstream of the burner and repeating every 1 m up to 31 m from 
the burner. The rings project radially out 0.1 m from the wall and have a thickness of 2.54 cm. 
These rings could be constructed from refractory material or water-cooled tubes. Since the surface 
area of the rings is negligible compared with the total surface area of the wall, the boundary 
condition assumed for the rings will have little impact on the overall heat flux profile, and in this 
work, the rings are modeled as adiabatic walls. A schematic of a boiler with these wall-rings is 
shown in Figure 6-6. The axial velocity and temperature contours for the 100% and 40% thermal 
input cases (T100 and T40, respectively) are shown in Figure 6-7 where wall rings have been 
added. As desired, the use of these wall rings increases advection and eliminates the buoyancy 
induced internal recirculation in the T40 case. The temperature profile also shows a longer and 
thinner high temperature zone, rather than the short and bushy high temperature zone observed for 










The radiative and total heat flux profiles for the 100% and 40% thermal input cases with and 
without the wall-rings are shown in Figure 6-8. Since the rings are modeled as adiabatic surfaces, 
the total heat fluxes on these rings are zero. Thus, the heat flux profile with rings has periodic dips 
for both radiative and total heat flux, at the location of the rings. With turndown (T40), the total 
heat flux peak is reduced by more than 100 kW/m2 compared to without rings. The location of the 
peak heat flux shifts downstream as well, due to the reduced impact of buoyancy. Similarly, the 
use of rings reduces the radiative heat flux for the T100 case in the flame region. However, due to 
increased convection, the maximum total heat flux for the T100 case is similar with and without 
rings. For the T40 case, since the peak heat flux was caused primarily by high temperatures in the 
radiation penetration layer, the significant reduction in radiative heat flux overwhelms the modest 
increase in convective heat flux, and the total heat flux is lower with rings than without. In the 




post-flame region, the heat flux is slightly higher, especially for the T40 case, because flue gas 
temperatures are higher due to the lower wall-heat-transfer rates upstream.  
 
 
The effect of the rings on the heat flux profile can be understood by analyzing the way rings affect 
the local and global fluid dynamics. Locally, the rings create small recirculation zones, which 
enhance local mixing. Globally, these small recirculation zones push the main flow towards the 
core (axis) of the boiler. Since the near-wall gases start at a lower temperature and there is limited 
spread of energy from the core of the boiler to these near-wall gases, the enhanced mixing creates 
a thicker buffer layer of “cold” gases compared with the case without rings, leading to a lower 
radiative wall heat flux, by reducing the average temperature in the radiative penetration layer. 
Radial temperature and optical thickness profiles provide a more quantitative picture of the effect 
of wall-rings on heat flux. As an example, Figure 6-9 shows these, with and without rings, for 
100% thermal input at an axial distance of 7.5 m. The figure only shows the near-wall region due 
Figure 6-8. Comparison of wall heat flux for different thermal loads: (a) radiative and (b) total heat flux for the 
100% thermal input case, and (c) radiative and (d) total heat flux for the 40% thermal input case. 
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to its importance in determining wall heat flux. Figure 6-9a shows the temperature and optical 
thickness profile as a function of radial distance from the wall, while Figure 6-9b shows the 
temperature as a function of optical thickness from the wall. Clearly, the use of rings creates a 
flatter profile near the wall due to enhancement in local mixing.  In the radiation penetration layer 
(i.e., the region where w is less than 2.3), the temperature and optical thickness gradients in the 
axial direction are negligible compared with those in the radial direction. Thus, this layer can be 
reasonably considered as a 1-D medium, from which the radiation power can be estimated. 
Qualitatively, it can be seen that in most of the region, the temperature is higher without rings than 
with rings. The difference in heat flux can also be estimated quantitatively by the following 1-D 
equation [110], 





w w wq T e d d

        (6-1) 
where '
w  is the optical thickness from the wall to the location of interest inside the medium, 
w  
is the optical thickness of the radiation penetration layer, T is the local temperature, and  is the 
Stefan–Boltzmann constant. From calculations, the radiative power for the case with rings is more 
than 200 kW/m2 lower than for the case without rings at 7.5 m. A similar analysis for T40 produces 





6.4.2 Larger boiler diameter with wall-rings 
In the previous design (Chapter 5), the cone angle and length were constrained to avoid buoyancy-
induced recirculation, resulting in a boiler diameter of 2.83 m. Since the flue gas temperature must 
be reduced to an acceptable value before boiler tubes can be added in the interior of the boiler for 
convective heat transfer, the length of the radiant boiler is dependent on the total heat transfer per 
unit length, and a smaller boiler diameter would result in a longer boiler.  With the addition of wall 
rings, and the associated increase in axial velocity, the length of the cone-shaped section, and hence 
the maximum boiler diameter can be increased without causing internal recirculation. In this 
section, the boiler is expanded to 4 m in inner diameter by extending the conical frustum length to 
25 m from the burner. This diameter was chosen such that off-site manufacturing and shipping of 
the boilers on railroads would be possible [98].  The diameter can be changed with evolving 
capabilities for shipping the boilers.  
Figure 6-9. (a) Temperature and optical thickness profiles as functions of radial distance from the wall and (b) 
the temperature profile as a function of optical thickness from the wall at 7.5 downstream from the burner for 
the 100% thermal input cases with and without rings 
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Figure 6-10 shows, for the case of 100% thermal input, the temperature and axial velocity contours 
for the first 40 m of the boiler. The increase in velocity, which is caused by the rings, is high 
enough to avoid recirculation. The resulting heat flux profile is shown in Figure 6-11. As shown, 
the peak heat flux for the T100 case is reduced to less than 500 kW/m2, and hence standard boiler 
tube materials can be utilized in the boiler [98, 140]. Furthermore, with a larger boiler diameter, 
more heat transfer surface area is available per unit length of the boiler, and hence a shorter boiler 
can be designed. 
 
 
Figure 6-10. The first 40 m of temperature and axial velocity contours for the 100% thermal input case with 




Figure 6-12 shows the temperature and axial velocity contours for the first 40 m of the 40% thermal 
input case, with the larger boiler diameter. In this case, internal recirculation starts at 
approximately 15 m. Since the volatile flame length is approximately 8.5 m, the recirculation does 
not affect the volatile flame. Thus, at 40% of design load, the heat flux profiles for both boiler 
diameters are similar in the flame region (Figure 6-13). Downstream, the heat flux drops faster for 
the larger boiler diameter due to the larger heat transfer surface area per unit length of boiler. 
Figure 6-11. The (a) radiative and (b) total heat flux profiles for the 100% thermal input case with wall-rings 





Figure 6-13. The first 40 m of temperature and axial velocity contours for the 40% thermal input case with wall-
rings and longer expansion. 
Figure 6-12. The (a) radiative, and (b) total heat flux profiles for the 40% thermal input case with wall-rings and 
a longer conical expansion. 
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In the previous design, the increase in boiler diameter to reduce the length could have been 
achieved by creating a second expansion downstream of the high temperature region, where the 
gases are sufficiently mixed, but it adds additional complexity. The design with rings enables a 
continued expansion of the conical frustum up to the final boiler diameter. Hence, a larger diameter 
boiler can be designed with less loss of surface area and a simpler construction.  
Note that the number, size and shape of rings have not been optimized in this study since the 
primary purpose of this work is to illustrate the effectiveness of this structural change to allow for 
variable load operation of the SPOC boilers. 
 
6.5 Conclusions 
Staged, pressurized oxy-combustion can increase the efficiency of power generation with carbon 
capture by more than 6 %-pts. The performance of the SPOC boilers with varying thermal load 
was investigated in this work. The impact of turndown on wall heat flux in was studied for one 
stage, with the understanding that the results can be extended to the other stages as well.  
It was observed that during turndown operations, excessive peak heat flux can occur in the flame 
region due to buoyancy-induced recirculation. This was overcome by incorporating wall-rings, 
which minimize the effect of buoyancy, and enhance the effectiveness of radiative trapping to 
control wall heat flux. The use of wall-rings increases bulk axial velocity without compromising 
the wall heat exchange area. The increased axial gas velocity caused by wall-rings allows for an 
increase in the size of the conical frustum section, so that the boiler diameter can be increased, 
without causing an increase in heat flux due to buoyancy-induced recirculation. Incorporating the 
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design modifications presented in this work reduces the maximum wall heat flux to less than 500 
kW/m2, for both full and part-load, thereby enabling the use of standard boiler tube material 
everywhere in the boilers.  
While not considered in this work, the multi-stage-boiler design of SPOC has an additional benefit 
over a single-boiler design because, with SPOC, it is possible to shut down the last stage boiler 
during turndown. In this way, the difficulties in steam integration during turndown can be 









In the previous two chapters, a new burner and boiler design were presented for an oxy-coal 
combustion process with low flue gas recycle. The main controlling factors affecting the wall heat 
flux were parametrically varied to demonstrate the robustness of the design. Furthermore, the 
flexibility of the system was also discussed in terms of part-load operations. Since the burner was 
designed with three ports—for the inner oxidizer, fuel, and secondary oxidizer—a very brief 
introduction to tri-axial flame shapes was also provided in Chapter 5.  
In Chapter 4, the last challenge of low-recycle systems mentioned was the control of soot from 
such systems. The various tri-axial flame shapes could produce different levels of soot, which 
could in turn be quite different from the levels produced by normal flames. In Appendix B, a 
method of controlling soot—and thereby radiative heat flux—in high temperature, turbulent, non-
premixed flames is discussed. The primary method of soot control is through strategic distribution 
of inert between the fuel and oxidizer to control the soot inception by affecting the chemical 
mechanism. The inherent separation of the inert from oxygen in oxy-combustion makes this 




The method of Appendix B can also be extended to tri-axial systems. However, in this chapter, 
the focus will be to compare a normal diffusion flame with a tri-axial flame in terms of soot 
formation and its emission from the flame. The chapter will be divided into two parts—first, a 
simplified analytical model will be used to identify the regions where soot inception could happen 
in these two burner configurations. Then, the differences in the emission of soot from these two 
types of flames will be experimentally demonstrated for a turbulent gas flame. The results of this 
chapter will form the preliminary base for future investigation, with detailed diagnostics, of soot 
inception and evolution in tri-axial flames. 
 
7.2 Soot inception limits—C/O Ratio and Kinetic 
Temperature Limits. 
In both small lab-scale laminar flames and larger turbulent flames, the effect of the relative 
placement of inert between the oxidizer and fuel streams has been shown to significantly affect 
soot inception [58, 141-149]. Varying the amount of inert placed in the fuel and oxidizer streams 
can change both the temperature of the flame as well as the stoichiometric mixture fraction (Zst) of 
the flame, where Zst is defined as 






and where Yi, νi, and Wi, respectively indicate the mass fraction, stoichiometric coefficient, and 
molecular weight of species i, and the subscripts f and o represent the fuel and oxidizer inlet 
streams. The mixture fraction at any point can be conceptually understood as the fraction of the 
material at that point that originated in the fuel stream, and the stoichiometric mixture fraction is 
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the mixture fraction at the location of stoichiometry, i.e., at the flame [150]. A typical fuel-air 
flame has a low Zst (≈ 0.05 for methane). As seen from Eq. 7-1, increasing the oxygen 
concentration in the oxidizer and/or decreasing the fuel concentration in the fuel stream increases 
Zst. 
There are two temperature bounds for soot in a non-premixed flame, one a lower temperature 
bound deep inside the fuel rich region, and the other a high temperature bound near the flame front.  
Regions of high Z, i.e., deep in the fuel-rich side of the flame, are dominated by fuel-pyrolysis 
pathways towards acetylene and PAH (polycyclic aromatic hydrocarbons), which are the 
immediate precursors of soot. Fuel pyrolysis leads to the formation of 2-butyn-1-yl (C4H5-2), 
which is converted to benzene by addition of acetylene [141], 
2 2 4 5 6 6-2 = C 2C H C H H H   (7-2) 
Since this reaction for C4H5-2 is exothermic and involves acetylene, it is found in fuel-rich regions 
away from the flame [141].  This low-temperature, fuel-pyrolysis pathway to benzene scales with 
fuel concentration at the inlet [141], and fuel dilution, which reduces the fuel concentration at the 
inlet, increases Zst. The fuel pyrolysis process, and thus soot formation, requires a minimum 
temperature to overcome the activation energy barrier, and this low-temperature bound is 
dependent on the fuel concentration and scalar dissipation rate (strain rate) [143]. 
Close to the flame, i.e., at Z ≈ Zst, on the fuel-rich side, the propargyl self-combination pathway to 
soot precursor formation dominates the soot formation [141, 151]. Propargyl (C3H3) is produced 




𝐶2𝐻2 + 𝐶𝐻3 = 𝐶3𝐻3 + 2𝐻 (7-3) 
𝐶2𝐻2 + 𝐶𝐻2 = 𝐶3𝐻3 + 𝐻 (7-4) 
This pathway is endothermic and hence requires higher temperatures. This pathway also produces 
H-radicals, and hence in regions where the H-radical concentrations are high due to H supplied 
from the fuel-oxidation reactions, a reduction or even reversal of this pathway to soot precursor 
formation can occur [141]. The carbon-to-oxygen atom ratio (C/O ratio) is correlated with the 
presence of H-radicals, and each fuel has a critical C/O ratio at which the H-radical concentration 
is high enough to prevent soot formation via the propargyl self-combination pathway, which for 
methane is approximately 0.55 [141-143, 152].  This constitutes the high-temperature bound for 
soot formation. 
Thus, soot inception in a non-premixed flame occurs in the region between the low temperature 
bound, which is dictated by the kinetic temperature, and the high temperature bound, which is 
dictated by the critical C/O ratio. A flame with a smaller gap between these two bounds will form 
less soot, while a flame with a larger gap between these two bounds will form more soot, all else 
being constant [58, 141]. 
 
7.3 Tri-axial Burke-Schumann Flame Model 
The classical Burke-Schumann flame model is a simplified model for co-flowing laminar flames 
[153]. Chung and Law modified the original Burke-Schumann model to include the effects of 
stream-wise diffusion, extending the model for large Peclet number flows [154]. Limited 
theoretical work exists on co-axial burners with multi-port configuration [155]. Chao and 
Axelbaum extended the Burke-Schumann model, with Chung and Law’s modification, to tri-axial 
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systems for applications in flame synthesis [59]. Kumfer [156] and Ko et al. [155] used this model 
for hydrocarbon flames to investigate flame shapes with varying oxygen concentrations.  
The main assumptions of the Burke-Schumann model are listed below: 
1) The mass flux and temperature in the streamwise direction are constant and equal for each 
port. These conditions reduce to equal and uniform exit velocities of the fuel and oxidizer 
streams if the densities are assumed constant. 
2) All physical properties in the system are constant. 
3) The Lewis number is unity. 
4) The fuel and oxidizer react irreversibly in a single step, with an infinite Damkohler number 
(flame sheet assumption). 
5) The flow is isobaric, and the wall impermeable and adiabatic. 
6) Transverse momentum transfer is negligible. 
7) Body forces are zero (no buoyancy). 
The Burke-Schumann model requires the assumption of constant mass flux from each port in the 
co-axial burner. This restriction, along with the assumption of negligible radial velocity, eliminates 
the need to solve the momentum equation. The result is a simplified model which can be solved 
analytically. Ko et al. [15] have attempted an extension of the model for unequal velocities from 
different streams, by neglecting shearing force and momentum transfer between streams with 
different velocities. Strictly speaking, this assumption will violate mass conservation, unless the 
different streams are assumed to have different densities. 
The fundamental assumptions for the Burke-Schumann model, though restrictive, when analyzed 
carefully, are quite suitable for the SPOC process. In Chapters 4–6, significant emphasis was 
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placed on minimizing the effects of buoyancy, and the proposed boiler design effectively achieved 
this goal. Similarly, low mixing rates were achieved by minimizing the velocity difference between 
the various streams at the burner outlet, resulting in low transverse momentum transport. For 
SPOC, the Lewis number can be assumed to be unity because of turbulence. 
Although the Burke-Schumann model is not a turbulent flame model, the simplicity of the model, 
and the design of the SPOC boilers with a low-mixing co-axial burner, allow it to be used for a 
simple comparison between normal and tri-axial flames. The model will only be used to help 
identify the basic differences and trends, For a more rigorous analysis and to match experimental 
results precisely, a more detailed and comprehensive CFD model would be required.  
The basic conservation equations that are solved for the extended Burke-Schumann model are: 
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where  is the gas density, u is the axial velocity, cp is the specific heat at constant pressure, T is 
the absolute temperature, z is the axial distance from the burner, k is the gas conductivity, r is the 
radial distance from the axis, νi  is the stoichiometric coefficient in the combustion reaction, Wi is 
the molecular weight, qi is the heat of combustion, ω is the reaction rate, Di is the molecular 
diffusivity, and Yi is the mass fraction, with the subscript i = F for fuel, O for oxidizer, and I for 
inert. 
Using the coupling function formulation [150] after appropriate non-dimensionalization (see 
Appendix C), the equations to be solved reduce to 
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where Pe is the Peclet number (=
c pur c k ) and is based on the SO diameter. The non-
dimensionalized quantities of the ones mentioned in Eqs. 7-5 and 7-6 are shown by tilde. Here, the 
inert equation (Eq. 7-9) does not require coupling to another equation, since the reaction term in 
the inert equation is inherently zero, i.e., it is a conserved scalar. The analytical solutions to these 
equations (Eqs. 7-7–9) are in the form of series solutions with Bessel functions of the first kind. 
For a tri-axial burner, with an inner oxidizer, fuel in the middle tube, and a secondary oxidizer 
surrounding the fuel (Figure 7-1), the flame sheet location ( ,f fr z ) is determined by the solution to 
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where J0 and J1 are the 0






Following the approach described in [143], the location for the minimum temperature for soot 
inception can be obtained, and the location ( ,r z ) marking this low temperature boundary for soot 
inception can be obtained by setting the appropriate value of temperature in the equation below: 
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The location of critical C/O ratio can be obtained by solving the distribution of the fuel and inert 
streams on the fuel side of the flame (Eqs. 7-12–14), and setting the appropriate value of the critical 
C/O—derived from [143]—in Eq. 7-14.  
Figure 7-1. Schematic of (a) a normal flame and (b) a tri-axial flame. The red curves are shown as 
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where 
ir  is the non-dimensionalized radius of the i
th tube as shown in Figure 7-1, m and n are the 
number of carbon and hydrogen atoms in the fuel respectively, WP is the mean molecular weight 
of the product species (CO2 and H2O), and WF is the molecular weight of the fuel.  
The flame location, critical C/O ratio, and minimum temperature location for soot inception were 
obtained by solving these equations in MATLAB. The solutions for the normal Burke-Schumann 
flame are similar, and can be obtained by making appropriate adjustments to the sizes of the fuel 




7.4 Comparison of Normal and Tri-axial Burke-Schumann 
Flame 
To compare a normal and tri-axial flame in terms of soot inception limits, with SPOC as the 
application, the boundary conditions were chosen to have the same fuel, inert, and oxygen flow 
rate for the two configurations. For the tri-axial flame, pure oxygen is supplied through the 
innermost tube (inner oxidizer, IO), fuel is supplied through the middle tube with a composition 
of 63 vol% CH4 and 37 vol% N2, surrounded by the secondary oxidizer (SO) with a composition 
of 35 vol% O2 and 65 vol% N2. The total stoichiometric ratio is approximately 2.3, with an inner 
oxidizer stoichiometric ratio (SRIO) of 0.68. This configuration of fuel, oxidizers and inert flow 
corresponds to Stage 1 in SPOC. The size of the burner (rc) is set arbitrarily to 1 cm for the tri-
axial configuration. The other tube sizes are then determined based on the stoichiometric ratios 
and the fuel and oxidizer compositions. The normal flame has no inner oxidizer, and the oxygen 
concentration of the surrounding oxidizer is 45.5 vol% to keep the same total oxygen and inert 
flow rates. The fuel composition is maintained the same at 63 vol% methane. The size of the burner 
(rc) for the normal configuration is 0.995 cm to maintain the same fuel flow rate as the tri-axial 
case. The sizes of the various tubes for the two configurations are given in Table 7-1. 
 

















Normal 0 0.308 0.995 - 62.7 36.8 




When oxygen from the SO of the normal configuration is partially shifted to create a new IO 
stream of pure oxygen (i.e., the tri-axial configuration), a new flame front is created. The resulting 
double flame (as shown in Figure 7-1) has a larger surface area for the interaction of fuel with 
oxidizer, leading to faster burning, and a significantly reduced flame length. In Figure 7-2, the 
flame location for both normal and tri-axial flames is shown by the red curve. Compared to the 
normal flame, the tri-axial flame is not only shorter, but the fuel-rich region of the tri-axial flame 
is also narrower in the radial direction at any given axial location, due to an additional flame front.  
 
Figure 7-2. Comparison of (a) normal Burke-Schumann flame with (b) tri-axial Burke-Schumann flame. The 
region between the critical C/O limit and the low temperature limit marks the region for soot inception. Note: A 
2D longitudinal section of an axisymmetric flame is shown here 
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In Figure 7-2, soot inception can occur in the region between the critical C/O ratio curve (blue) 
and the low temperature limit curve (black). Due to the reduced radial extent of the tri-axial fuel-
rich region, and the increased penetration of the oxygen-containing species from the inner oxidizer 
side, the region for soot inception is significantly reduced. Furthermore, the shorter flame length 
also reduces the potential for growth of soot in the tri-axial flame.  
It is important to note that there is a significant difference in the temperature profiles of the two 
cases, with the flame temperature in the normal configuration being lower than the inner flame of 
the tri-axial flame and higher than the outer flame. This could lead to difference in the soot 
inception rates. Though elegant and enlightening, the Burke-Schumann approximation cannot 
resolve these differences due to the simplifying assumptions in the model. To address this, the next 
section will focus on preliminary experimental results of exhaust soot measurements for the normal 
and tri-axial burner configurations.  
 
7.5 Experimental Methods 
All experiments were performed in a 2.44 m long, vertical, down-fired combustor (Figure 7-3). 
The shape of the first 0.86 m of the combustor is that of a frustum of a cone, with top and bottom 
diameters of 0.06 m and 0.14 m respectively. Downstream from this, the combustor is a cylinder 
0.14 m in diameter and 1.58 m long. The exhaust gas from the combustor passes through a filter 
bag and is vented to the outside. The inner oxidizer is fed through a 0.022 m diameter central tube. 
The fuel (CH4), along with the inert (N2), is injected through a 0.032 m diameter co-axial annulus 
tube. The secondary oxidizer is fed through a co-axial annulus surrounding the fuel with a diameter 
of 0.06 m. The fuel and the two oxidizers are axially fed using flow straighteners. The burner was 
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sized to give sufficiently high velocity to minimize the effect of buoyancy at the inlet, and the 
conical shape was designed to minimize the effect of buoyancy even downstream by keeping the 
Richardson number low everywhere along the flame region, as described in Xia et al. [98] and 
demonstrated by Gopan et al. [157]. Briefly, the small initial reactor diameter ensures high 
velocity, and as the gases heat up and are generated during combustion, the diameter of the conical 
section is increased to accommodate the increased flow rate while maintaining a high velocity and 
thus low Richardson number. Along the axis, the combustor has 16 ports of 0.04 m diameter, 
located at every 0.15 m, starting 0.05 m downstream of the burner exit. When not being used for 
measurements, each port is plugged using the same refractory material as the combustor wall. 
 
 
Figure 7-3. Combustor and burner design. 
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The operating conditions for the two burner configurations is provided in Table 7-2. In both cases 
the flames were turbulent. Similar to the Burke-Schumann modeling study, in both normal and tri-
axial cases, the fuel, inert and oxygen flow were kept constant. The only difference between the 
normal and tri-axial configuration was the shifting of the placement of some oxygen from the SO 
to the IO. Thus, the oxygen concentration in the SO for tri-axial flames is lower. Overall, both 
flames had sufficient (and equal) excess oxygen. The measurements were conducted 2.18 m from 
the burner nozzle. In both cases, the experiment was conducted with “cold” (room temperature) 
reactor walls and was concluded within 15 min of start up to ensure that the wall temperature 
remained low, and post flame, the excess oxidizer acts as a quench to prevent ignition of soot 
particles downstream of the flame.  














Normal 0 3.1 62.7 19.7 36.8 0 2.3 
Triaxial 2.7 3.1 62.7 17.0 45.5 0.7 1.6 
 
The primary objective of the experiments was to obtain the exhaust soot measurements 
(concentrations and size distribution) for the two flames. To obtain the total concentration and the 
size distribution of the soot particles in the exhaust gases, a differential mobility analyzer (DMA; 
model 3080, TSI inc.) was used as a classifier, with a sheath flow rate of 15 l/min and an aerosol 
flow rate of 1.5 l/min. The size classified particles transmitted through the DMA were sent to a 
condensation particle counter (CPC; model 3776, TSI Inc.) to obtain a number count for the 
particular size. The DMA and CPC were operated in tandem as a scanning mobility particle sizer 
(SMPS), with 60 s upward voltage scans applied, and15 s downscans. 
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7.6 Experimental Results 
The normal configuration resulted in a flame with a length of about 1.73 m, while the tri-axial 
flame had a length of about 0.45 m. This ratio is similar to that predicted from the Burke-Schumann 
model. The tri-axial flame has a very small amount of soot in the exhaust, with a total number 
concentration of about 1x104 #/cm3, while the normal flame has a total concentration close to 1x106 
#/cm3. The high particle number concentration in the normal flame is also seen in the particle size 
distributions shown in Figure 7-4. The soot mode in the tri-axial configuration occurs at about 14 
nm, while in the normal configuration it occurs at approximately 84 nm. The results clearly show 
that soot emissions in the normal flame is much higher than in the tri-axial flame.  
 
 




A comparison of soot produced from methane flames in a normal configuration axial flow burner 
and a tri-axial burner—with pure oxygen as the inner oxidizer—shows much higher soot emission 
from the normal flame. A Burke-Schumann model extension into the tri-axial configuration shows 
that the region where soot inception could occur is significantly smaller for the tri-axial 
configuration than the normal configuration. While these results are preliminary, and are currently 
demonstrated only for gas flames, they can be extrapolated to solid fuel combustion. Most soot in 
solid-fuel combustion is formed within the volatile flame envelope. Using the chemical percolation 
devolatilization (CPD) model [129] to extract the volatile atomic composition, we can see that the 
carbon-to-hydrogen ratio of, for example, PRB coal (1.1:3.2) is close to that of methane (1:4). 
There are several differences between coal volatiles and methane, such as the presence of oxygen 
and a mixture of hydrocarbons in coal volatiles, as well as the difference in the release location of 
volatiles, which could affect the exact differences in the amount of soot inception. However, the 
comparison between a normal and tri-axial burner configuration using methane as a surrogate for 










The primary achievement of this work was the development of a new means of utilizing the vast 
and low cost coal resource in an efficient and economic manner to produce electric power with the 
least environmental burden. 
The existing technologies for utilization of coal with reduced carbon dioxide emissions to 
minimize the anthropogenic impact on the global climate are both cost prohibitive and inefficient. 
Oxy-fuel combustion is one such method for minimizing the carbon dioxide emission from power 
plants. The primary causes for low efficiency and high cost in oxy-combustion are the auxiliary 
loads for air separation to produce oxygen, large recycle of flue gas to the boiler to control the 
flame temperature, and the carbon dioxide purification to meet the standards for utilization or 
sequestration. Although, advances are being made in the air separation and CO2 purification 
technologies, those advances are not sufficient to reduce costs and increase efficiency enough for 
the acceptance of the process. On the other hand, the staged, pressurized oxy-combustion (SPOC) 
process proposed in this dissertation minimizes flue gas recycle and utilizes the latent heat of 
condensation of flue gas moisture to increase the plant efficiency by more than 6 %-pts. The cost 
of electricity from a SPOC plant with more than 90% CO2 captured would be less than 35% higher 
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than an equivalent air-fired plant with no CO2 capture, thereby meeting the U.S. Dept. of Energy 
target for carbon capture equipped power plants. 
A brief summary of the dissertation is presented below. 
 
8.1 Process Development 
 A new staged, pressurized oxy-combustion (SPOC) process is proposed for power generation 
with carbon capture. The process pressurizes the oxy-combustion process to extract the latent 
heat of flue gas moisture condensation at a higher temperature, thereby integrating it into the 
steam Rankine cycle. 
 SPOC also uses staging to reduce flue gas recycle. Multiple boilers are connected in series, 
with the exhaust gas from the first boiler (stage) entering the next stage and so on. Fuel and 
oxygen are staged in these multiple boilers, with the initial stages highly over-ventilated, while 
the final stage operates at near stoichiometry. The well-mixed temperature in each stage is 
maintained similar to air-fired combustion.  
 In each stage, part of the heat from the combustion of the fuel in the stage with the oxidizer is 
transferred to the steam, until the heat transfer rate becomes low due to the reduced temperature 
of the gas stream. At this point, the gas stream is transferred to the next stage, where more fuel 
and oxygen are injected, and the same process is repeated. 
 The flue gas from the final stage, after sufficient cooling in an economizer and particulate 




 The combustion pressure is chosen to be at least 16 bar to utilize the same DCC as an integrated 
pollutant removal unit, capturing most of the SOx, NOx, and Hg. This integrated removal of 
pollutant is activated by the promotion of some lead-chamber-like reactions at high pressure 
(> 14 bar) and low temperature. The advantage of choosing a slightly higher combustion 
pressure is that all moving parts are eliminated between the production of the acid gases (SOx 
and NOx) and their cleanup, preventing damage to equipment due to acid condensation. 
 The cleaned flue gas is purified in an auto-refrigeration CO2 purification unit, with a distillation 
column to achieve the highest purity standards published. 
 The net plant efficiency of the SPOC process operating at 16 bar combustion pressure, and a 
single reheat, supercritical steam Rankine cycle (242 bar/593°C/593°C) firing a low-rank, sub-
bituminous, Powder River Basin (PRB) coal is 35.7% (HHV), and the increase in cost of 
electricity is less than the U.S. Dept. of Energy target of 35%. 
 Replacing the low efficiency direct contact column by an indirect heat exchanger to extract the 
latent heat of condensation of flue gas moisture can increase the efficiency by about 0.5 %-
pts., but will also lead to an increase in cost due to the requirement of expensive corrosion 
resistant materials of construction for such a heat exchanger. 
 The operating pressure of the boilers has little impact on plant efficiency beyond 16 bar. On 
the other hand, the moisture content in the fuel can significantly impact the plant efficiency. 
The dependence of plant efficiency on the as-fired moisture content in the fuel is non-linear. 
The loss in plant efficiency with increasing moisture is small at low moisture content, but it 
sharply increases beyond the heat saturation point in the low pressure regenerators in the steam 
Rankine cycle. It is therefore recommended to not feed the coal as coal-water slurry, but to dry 
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feed the fuel. Note that SPOC is more efficient for all moisture levels than its atmospheric 
pressure counterpart.  
 The impact of flue gas recycle ratio on plant efficiency is also non-linear, with low recycle 
ratios (< ~ 35%) resulting in a small loss in efficiency (< 1 %-pt.). However, further increase 
in recycle ratio can significantly reduce the plant efficiency by as much as 4 %-pts for a 70% 
flue gas recycle ratio. 
 Process intensification by utilizing an advanced ultra-supercritical steam Rankine cycle with 
double reheat can lead to a net plant efficiency of almost 41% (HHV), while firing a low rank, 
sub-bituminous coal. 
 The SPOC process, due to the flue gas moisture condensation and high efficiency, requires less 
fresh water than both air-fired combustion and atmospheric oxy-combustion as cooling water 
make-up. In fact, it produces more water than is required for cooling tower make-up. 
 
8.2 Burner and Boiler Development 
 Since the SPOC boilers are pressure vessels, they are designed mainly as cylinders with high 
aspect ratios, unlike the traditional cuboidal box type boilers. This high aspect ratio and the 
high flame temperature resulting from the reduced flue gas recycle lead to a number of burner 
and boiler design requirements, such as:  
 Avoid flame impingement. 
 Reduce mixing between the streams to distribute heat release. 
 Control wall heat flux from the high temperature, low recycle oxy-combustion flame. 
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 Control near wall oxygen concentration even with low flue gas recycle, to provide safe 
operating conditions. 
 Avoiding external or internal recirculation to avoid flame impingement and to minimize 
slagging and fouling. This includes minimizing buoyancy effects. 
 The burner proposed for the SPOC process is a low mixing (low relative velocity between 
streams), tri-axial burner with fuel in the middle tube, an inner oxidizer (pure oxygen), and an 
outer oxidizer (controlled composition, set to 35 vol% O2 as an example). 
 The high optical density in the boiler, created by the increased pressure and reduced flue gas 
recycle, is utilized in the design to control wall radiative heat flux in the high temperature 
system to manageable levels using radiative trapping. 
 The importance of the radiation penetration layer in the control of radiative heat transfer to the 
walls is discussed. This layer can be thought of as a radiation boundary layer, and to a high 
degree of accuracy, the temperature in this layer dictates the radiative heat flux to the wall. 
 Buoyancy-induced internal recirculation can result in a high wall heat flux due to increase in 
temperature in the radiation penetration layer. To avoid buoyancy induced recirculation, an 
initial section in the shape of a conical frustum is proposed, such that the Richardson number 
is kept low throughout the boiler. 
 Boiler modifications in the form of small wall-rings are proposed to allow for flexible 
operation. The wall-rings increase advection and maintaining a low Richardson number at 
various thermal loads (turndowns). 
 A high wall heat flux is maintained throughout the SPOC boilers to maximize heat transfer 
rates (while not exceeding material constraints) to minimize boiler tube surface area. Since the 
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boiler cost is dictated by the tube surface area required, a lower tube surface area will lead to 
lower cost boilers. 
 Since the SPOC boilers have high temperature flames with low mixing, their sooting 
tendencies were studied using methane as the surrogate for coal volatiles. A simplified laminar 
flame analytical model was used to compare the potential regions of soot inception between a 
normal diffusion flame and a tri-axial flame configuration. The tri-axial flame was shown to 
have a much smaller region for soot inception. An experimental investigation into the exhaust 
soot concentration and particle size distribution from a turbulent methane flame with SPOC 
type conditions also showed negligible soot in the tri-axial configuration, while much higher 
soot was observed with the normal configuration, proving the effectiveness of the tri-axial 
arrangement to minimize soot in SPOC. 
 
8.3 Recommendations for Future Works 
 In recent years, significant interest has been generated by the potential of supercritical CO2 
cycles to increase plant efficiency. The sCO2 was originally designed for nuclear power plant 
applications, but has also been proposed recently for natural gas and coal combustion as a 
means to achieve very high efficiencies. However, the sCO2 cycles are not suited for low 
grade heat utilization. Since SPOC process relies on the efficient integration of low grade 
heat into the steam Rankine cycle to create the highest efficiency oxy-coal process, direct 
utilization of these proposed cycles may not be suitable. However, experience from low 
grade heat utilization in process industry can be applied in the SPOC process to design a 
combined cycle power plant with sCO2 in the topping cycle and an organic Rankine cycle 
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(ORC) or a Kalina cycle as the bottoming cycle. Preliminary analysis has indicated that such 
a combined cycle could result in a very high efficiency power plant. 
 
 The radiative characteristics are related to the particle size distribution of ash in the SPOC 
boilers. In pressurized systems, ash fragments more than in atmospheric pressure systems. 
High temperatures, resulting from low flue gas recycle ratio, also promote ash fragmentation. 
It is important to determine the level of fragmentation of the ash particles in the SPOC 
boilers as that can help better model the level of control provided by radiative trapping. 
Higher fragmentation will increase the trapping efficiency. 
 
 The CFD models used have not yet been fully validated under the conditions of SPOC. They 
have been reasonably validated under atmospheric pressure conditions, however due to lack 
of extensive experimental work under SPOC type conditions, complete validation is lacking. 
With the recent commissioning of the pressurized reactor at Washington University, 
complete validation should be undertaken and the model constants adjusted accordingly. 
 
 Soot in tri-axial flames is not studied very well. A more extensive experimental investigation 
of soot in tri-axial flames using laser induced incandescence (LII) can provide insights into 
the inception regions and volume fraction, which can then be modeled and compared with 
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Computational Fluid Dynamics (CFD) 
Sub-Model Selection Criteria 
 
 
ANSYS FLUENT version 13.0 was used to simulate the different burner designs and operating 
conditions. The flow field was modeled using the Reynolds-Averaged Navier-Stokes (RANS) 
equations with the Semi-Implicit Method for Pressure Linked Equations (SIMPLE) algorithm to 
address pressure-velocity coupling. RANS has been used extensively to study flame behavior for 
pulverized fuels [158-160] and the sub-models have been extensively validated for the 
atmospheric-pressure oxy-coal combustion environment [33, 161-166]. While it has been shown 
that RANS simulations provide reasonable agreement with experiments under atmospheric 
pressure oxy-combustion conditions, to date, the solid-fuel combustion submodels have not been 
validated for pressurized oxy-combustion.   
The shear stress transport (SST) k-ω model was used in this simulation, which has been shown to 
be the combination of the best aspects of the two standard models, κ-ε and κ-ω [127]. The finite 
rate/eddy dissipation model, which has been extensively utilized for oxy-combustion [167-169], 
was used for turbulence-chemistry interactions. A two-step global reaction mechanism was used 
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to capture the gaseous volatile reaction. The first step was volatile oxidation to carbon monoxide, 
and the second step was oxidation of carbon monoxide to carbon dioxide. More detailed reaction 
mechanisms [170], together with a more advanced reaction model, i.e. eddy dissipation concept 
(EDC) model have been tested. The EDC model takes into account CO2 and H2O dissociation and 
thus gives a lower flame temperature, and slightly lower peak wall heat flux than the finite 
rate/eddy dissipation model. Thus, in this work, the more conservative results with respect to peak 
wall heat flux, obtained from the finite rate/eddy dissipation model, are presented. 
Particle trajectories were computed in the Lagrangian frame and were coupled to the gas phase. 
All discrete particles were assumed to be spherical. The pulverized coal particle size was assumed 
to follow the Rosin-Rammler distribution, with an average diameter of 65 μm. The minimum and 
maximum particle sizes were 10 μm and 200 μm, respectively, and the spread parameter of the 
distribution was 3.5. The effect of turbulence on the particle trajectories was accounted for with 
the Discrete Random Walk (DRW) model. The devolatilization rate of the coal particles was 
calculated using the Chemical Percolation Devolatilization (CPD) model [129]. NMR chemical 
structure parameters were calculated according to the correlations in [171]. The char surface 
oxidation rate with molecular oxygen was modeled by a kinetics/diffusion-limited model.  
The Discrete Ordinates (DO) [172, 173] radiation model was used to solve the radiative transfer 
equation (RTE). Each octant of the entire 4 angular space was discretized at each spatial location 
into 5  5 solid angles (i.e. control angles), leading to a total of 200 directions. Further refined 
discretization did not show any noticeable improvement in terms of the distributions of 
temperature and incident radiation. Gaseous emission and absorption were considered using the 
domain-based Weighted Sum of Gray Gases model (WSGGM) [174].  The emissivity of coal 
particles is approximately 1, while that of fly ash is 0.6 [133]. Based on a sensitivity analysis, it 
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was found that, counterintuitively, a lower emissivity leads to a higher wall heat flux due to 
radiative trapping. Thus, a conservative value of 0.6 was chosen for the emissivity of all particles 
so that the results reported indicate the maximum incident wall heat flux. The particle scattering 
factor was set to be 0.6, which is widely used in modeling studies for pulverized fuel combustion 
[134].  
The surface temperature of the boiler wall was assumed to be 700 K. This is a reasonable, yet 
slightly conservative assumption because the boiler feed water entering the combustor is at a 
temperature of about 564 K. A higher wall temperature would lead to a lower wall heat flux and a 
lower temperature would lead to a higher wall heat flux. A sensitivity analysis of wall temperature 
was conducted and showed that a variation from 100 K to 1000 K produced only about an 8% 
difference in wall heat flux. For wall emissivity, it was assumed that during operation the walls 
would accumulate a small amount of ash. Depending on the properties of the ash, and whether the 
deposit is loose, sintered or fused, values between 0.37 to 0.93 have been reported in the literature 
[135]. In the current study, a relatively conservative value of 0.8 was chosen for the emissivity of 
the wall. A high emissivity implies a less reflective wall, and hence a higher net heat flux to the 
wall.  
A 2-D axisymmetric model was built based on the burner and boiler geometry, taking advantage 
of the axisymmetric nature of the boiler. Simulation results for cases with 30,000, 150,000, 
230,000 and 350,000 cells were compared. Negligible differences in velocity, temperature and 
heat transfer were observed for the last two cases. Moreover, a 3-D model with 10 million cells 
was constructed, and the difference between the results of the 3-D model and those of the 2-D 
model with 230,000 cells was negligible. Thus, only results for the 2-D model with 230,000 cells 
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Oxy-fuel combustion is one of the major strategies for reducing carbon dioxide emissions from 
combustion sources, as well as in applications requiring high temperature and stable flames. 
Currently in oxy-combustion, a large amount of flue gas (~ 70%) is recycled to control the heat 
flux by reducing the flame temperature. This reduces the efficiency of the process, and is 
unsuitable for processes requiring high temperature gases at the outlet of the combustor, such as 
gas turbines. Controlling the soot formation and growth at high temperatures could offer another 
means of controlling the heat flux without reducing the temperature. The separation of the inert 
from oxygen, in oxy-combustion, offers a unique advantage for burner design. Shifting the inert 
from the oxidizer to the fuel side in appropriate stoichiometric proportions increases the 
stoichiometric mixture fraction (Zst) while maintaining the same adiabatic flame temperature. In 
this work, the impact of Zst on the characteristics of a non-premixed, turbulent-jet flame was 
studied.  With increasing Zst, soot inception is delayed, and the overall soot volume fraction and 
radiative heat flux are also drastically reduced. This is a consequence of not just the reduction in 
fuel concentration, but also the change in the flame structure, which has a dramatic effect on the 
kinetics of soot formation. This method could provide an effective means of reducing the flue gas 
recycle in oxy-combustion, without resulting in drastically high heat flux. 
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Oxy-fuel combustion is one of three major strategies to capture carbon dioxide from power plants 
and other industrial furnaces [175, 176]. The most common oxy-fuel concept that is employed for 
carbon capture and storage (CCS) is to combust the fuel in a stream of oxygen that is diluted with 
a large amount of recycled flue gas (~ 70%) [39]. The purpose of flue gas recycling is to ensure 
that the flame temperature and heat flux are similar to those of air-fired combustion, where the 
oxygen is naturally diluted with nitrogen [177, 178]. This allows either the retrofit of existing air-
fired boilers or the use of similar construction materials for the walls, or the boiler tubes in the case 
of power plants. A number of new developments have occurred in terms of burner design due to 
the increased understanding of the effect of oxy-fuel combustion on the combustion characteristics 
in various combustors, especially gas turbines [177-180]. 
In recent years, there has been interest in reducing the amount of flue gas recycle in order to 
increase the process efficiency [45, 46, 56, 57]. Reducing the amount of inert (recycled flue gas) 
leads to increased flame temperature, which can increase the amount of soot [181, 182]. The 
increase in soot and the higher flame temperatures lead to higher radiative heat flux emitted from 
the flame [177, 183]. If the heat flux at the wall is too high, expensive alloys may be required in 
power plants, while industrial process could face challenges in terms of product degradation. Some 
methods, such as moderate or intense low-oxygen dilution (MILD) combustion can reduce soot in 
combustion systems [184, 185]. However, achieving MILD conditions will be challenging in 
reduced flue gas recycle [186]. Thus, a means to control heat flux from high temperature flames is 
required if flue gas recycle is to be reduced. 
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In oxy-combustion, the separation of the inert from oxygen offers a unique advantage for burner 
design, with independent control of the amount of inert and a choice in terms of placement in the 
oxidizer and fuel streams. In lab-scale laminar flames, the effect of the relative placement of inert 
between the oxidizer and fuel streams has shown to significantly affect soot inception [141-149]. 
Varying the amount of inert placed in the fuel and oxidizer streams can change both the 
temperature of the flame as well as the stoichiometric mixture fraction (Zst) of the flame, where Zst 
is defined as 







where Yi, νi, and Wi, respectively indicate the mass fraction, stoichiometric coefficient, and 
molecular weight of species i, and the subscripts f and o represent the fuel and oxidizer inlet 
streams. The mixture fraction at any point can be conceptually understood as the fraction of the 
material at that point that originated in the fuel stream, and the stoichiometric mixture fraction is 
the mixture fraction at the location of stoichiometry, i.e., at the flame [150]. A typical fuel-air 
flame has a low Zst (≈ 0.06 for propane). Increasing the oxygen concentration in the oxidizer and/or 
decreasing the fuel concentration in the fuel stream increases Zst. 
Non-premixed laminar flames are quite sensitive to the stoichiometric mixture fraction, with an 
increase in Zst reducing or even eliminating soot formation for traditionally sooty fuels, with some 
studies identifying permanently blue flames (soot-free flames at near-zero strain rates) even at high 
temperatures [187]. Several explanations for this dramatic inhibition of soot have been proposed, 
including fuel-dilution and varying thermal diffusivities [149], fluid dynamic effects [147], and 
changes in flame structure [187]. Changes in flame structure refer to alterations of the species and 
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temperature profiles in the high-temperature reaction zone. Higher Zst leads to higher oxygen 
concentrations in the high temperature region, which changes the chemistry for soot inception 
[141]. Through a series of studies it was found that for laminar flames the most significant impact 
on soot inception was from the change in flame structure, and this is the reason that permanently 
blue flames can be observed [141-144, 152, 187, 188]. Using spherical flames in microgravity, 
Sunderland et al. [145, 146], were able to isolate the effects of hydrodynamics and flame structure, 
and confirmed that flame structure variations played a predominant role in affecting the soot 
concentrations at high Zst. In laminar co-flow systems, criteria for soot inception and predictive 
models for soot inception limits have been developed [143, 152]. Furthermore, it has been shown 
that at high Zst, flame strength significantly increases [188].   
Despite significant literature on soot inception limits of laminar diffusion flames for various Zst 
[141-146, 149, 152, 187-189], and the utilization of Zst to increase or decrease soot in flames [190, 
191], to our knowledge there have been no systematic studies on the impact of Zst on turbulent 
flames. The characteristic times, mixing rates and soot particle history experienced in turbulent 
flames are quite different from those of laminar flames, and thus the impact of Zst on soot formation 
could be quite different [192]. The soot formation and growth mechanisms in turbulent flames 
have also been shown to be dependent on the combustion system.  In other words, different 
mechanisms could dominate in different types of turbulent flames. For example, Pitsch and co-
workers [193-197] studied co-axial turbulent jet flames and bluff-body stabilized flames using 
experiments and numerical simulations, including direct numerical simulation (DNS) and large-
eddy simulation (LES), and showed that for turbulent jet flames, soot formation and growth is 
primarily dependent on PAH formation and condensation on existing soot, whereas for a bluff-
body-stabilized flames, PAH growth is dependent on the acetylene-based hydrogen-abstraction 
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carbon-addition (HACA) mechanism near the bluff body, and PAH condensation at larger 
distances.  
Since most industrial processes and power plants are turbulent, there is a need to understand the 
effects of inert placement, and hence Zst, on soot formation in turbulent flames. In addition, oxy-
combustion, wherein oxygen is available as the oxidizer, can intrinsically be operated under a wide 
range of Zst, and thus the effect of Zst on the heat-flux profiles needs to be studied under these 
conditions as well. In this work, we study the impact of inert placement (Zst) on the soot and 
radiative heat flux of a turbulent, high temperature propane flame, by isolating the impact of inert 
placement from all other affecting parameters, such as temperature, velocity and mixing.  
 
B.2 Experimental Methods 
B.2.1 Reactor  
All experiments were performed in a 2.44 m long, vertical, down-fired combustor (Figure 1). The 
shape of the first 0.86 m of the combustor is that of a frustum of a cone, with top and bottom 
diameters of 0.06 m and 0.14 m respectively. Downstream from this, the combustor is a cylinder 
0.14 m in diameter and 1.58 m long. The exhaust gas from the combustor passes through a filter 
bag and is vented to the outside. The fuel, along with the inert (if any), is injected through a 0.013 
m diameter central tube. The oxidizer is fed through a co-axial annulus with inner and outer 
diameters of 0.019 m and 0.06 m respectively. Both the fuel and the oxidizer are axially fed using 
flow straighteners. A small stabilization ring of dimensions 0.003 m (streamwise) and 0.004 m 
(normal) was installed in the inner diameter of the secondary annulus to ensure flame attachment. 
The burner was sized to give sufficiently high velocity to minimize the effect of buoyancy at the 
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inlet, and the conical shape was designed to minimize the effect of buoyancy even downstream by 
keeping the Richardson number low everywhere along the flame region, as described in Xia et al. 
[98] and demonstrated in Gopan et al. [157]. Briefly, the small initial reactor diameter ensures high 
velocity, and as the gases heat up and are generated during combustion, the diameter of the conical 
section is increased to accommodate the increased flow rate. Along the axis, the combustor has 16 
ports of 0.04 m diameter, located at every 0.15 m, starting 0.05 m downstream of the burner exit. 
When not being used for measurements, each port is plugged using the same refractory material 
as the combustor wall. 
Each experiment was initiated with cold-wall (room-temperature) conditions and was completed 
within 20 mins to ensure the wall temperature was low and wall radiative emission minimal. This 
was further confirmed at the end of the experiment by noting the location of the maximum heat 
flux, switching the flame off, and measuring the heat flux at the noted location with no flame.  
Figure B-1. Combustor and burner design. 
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B.2.2 Experimental Conditions 
The input flow rates of the fuel, oxidizer, and inert for each of the cases are given in Table 1. Both 
the oxidizer and the fuel for all cases were turbulent, with the fuel and oxidizer Reynolds numbers 
greater than 7200 and 6200, respectively, for all cases. The stoichiometric adiabatic flame 
temperature (Tad), calculated using an equilibrium based calculator [187], was 2595 K. In the limit 
of infinite Damkohler number, in an equi-diffusional system (i.e., unity Lewis number), the 
stoichiometry uniquely defines the adiabatic flame temperature. For the propane flames studied in 
this work, the stoichiometry is given by  
3 8 2 25.01 10.76C H O N products    (B-2) 
with the fraction of the N2 supplied with the fuel and oxidizer changing to change the Zst without 
changing the flame temperature. The inert used in this experiment was nitrogen and not CO2, in 
order to avoid complications of the different heat capacity and chemical effects of CO2 in soot 
gasification [198]. The Zst was varied between 0.38 and 0.68. In all cases the overall stoichiometric 
ratio was kept sufficiently high (> 3) so as to not affect the combustion characteristics in the near-
field region where measurements were taken (i.e., the flames were over-ventilated). The excess O2 
in the exhaust in the experimental conditions are not representative of the requirement for practical 
boilers and furnace operations, but only a means to control for other sources of impact on soot and 
radiative heat flux in the laboratory experiments. 
In order to isolate the effect of Zst from other parameters the conditions were carefully designed: 
(1) the adiabatic flame temperature was maintained constant at 2595 K, while varying the amount 
of nitrogen in the fuel and oxidizer stream to allow Zst to be varied. This was accomplished as 
described in Du et al. [187].  For flames that are not very intense radiators, as in the near-field, this 
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has been shown to be a reasonable means to maintain the same flame temperature to leading order. 
(2) To minimize the impact of mixing, the velocities of the gases from each stream were kept 
nearly constant between the cases. This ensured that the relative velocities were the same, and 
hence the near-field mixing was similar [199, 200]. The Reynolds numbers were also similar. 
Similar velocities for all cases also ensured that the local residence times (related to mixing and 
hence strain rate) and global residence times (related to superficial velocities) were similar. Hence, 
the measurements in the flame region for any case, at any given location could be easily compared 
with another case at the same location. 
To maintain similar velocities, the thermal input was changed between the cases (as can be seen 
from Table 1). This does not affect the radiative heat flux in the rising region of the radiative heat 
flux [201]. In other words, changing thermal input only affects the flame length. In the flame 
region, while the radiative heat flux is still rising, there is minimal impact on the radiative heat 
flux. All measurements were conducted only up to 0.51 m from the burner, i.e. until the location 
of port 4, which is less than the flame length of the shortest flame (corresponding to the highest 
Zst), so as to ensure that the radiative heat flux of the three cases could be compared.  
Thus, the experimental conditions were carefully designed to isolate and study the impact of 
stoichiometric mixture fraction on soot formation in turbulent diffusion flames. The impact of 
flame temperature, superficial velocities (and hence residence time), mixing between fuel and 
oxidizer, were kept constant between the three cases studied. The lower limit of Zst was set to 0.38 
due to a limitation on the maximum propane thermal input that could be supplied, based on the 
reactor’s feed gas control systems, while keeping the velocity of the gas constant. As will be seen 
in the results section, the range of Zst considered in this study clearly shows the sought-after trends. 
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Finally, it is important to note that unlike industrial boilers and furnaces, which will operate with 
3-5% O2 in the exhaust gas, and CO2 as the most likely inert for oxy-combustion, these 
experimental conditions were chosen to minimize the effect of all parameters other than Zst that 
can affect soot and radiative heat flux. Thus, the experimental conditions are not practical operating 
conditions, but a means to isolate and clarify the role of Zst.  
 
Table B-1. Operating condition parameters. 
Zst 
Fuel stream (central tube) Oxidizer stream (co-annular tube) 
Q (m3/h)a C3H8 (%v) Vel (m/s)
b Q (m3/h)a O2 (%v) Vel (m/s)
b 
0.38 2.8 15.9 8.3 14 47.8 1.5 
0.48 2.8 12.4 8.3 14 57.7 1.5 
0.68 2.8 8.5 8.4 14 100 1.6 
aAt room temperature and pressure, corresponding to 293 K and 1 bar. 
bVelocities are superficial velocities. 
 
B.2.3 Measurement Instruments 
Photographs – Camera Settings: 
In order to get a visual sense of the effect of Zst on the flame, and to qualitatively understand the 
impact on soot inception, concentration, and flame emission intensities, a Nikon D3200 digital 
camera was used to photograph the flame at each port, down to port 4 (0.51 m from the burner). 
All photographs were taken using the same camera settings. The exposure time was 1/30 s, the 
aperture was set at f/9, and the ISO was 200. Focus was adjusted manually to obtain the best image 
of the flame. For each condition, at each port, multiple pictures were taken, and one representative 




Radiative heat flux was measured using a Gardon Gage Sensor with a sapphire window, 
manufactured by Medtherm Corporation (part number for sensor: 64-50-20, and window: SW-1C-
150). The sensor nominal absorptance is 0.92 from 0.6 µm to 15.0 µm. The sapphire window 
eliminates convective heat transfer and allows radiative heat flux to be measured. The sapphire 
window has a nominal transmittance of 0.85. The arrangement has a 150° view angle. The sensor 
body and casing are water cooled. The heat flux sensor’s voltage output was converted into a heat 
flux reading in kW/m2 using NIST traceable calibration curves, and recorded in LabView. The 
calibration was done using a blackbody furnace by the sensor supplier (Medtherm Corp.).  
Spectrometer: 
Radiative emission from gas species in a flame is restricted to certain narrow bands, while radiation 
from soot is broadband. The intensity of the broadband emission is a function of both temperature 
and emissivity, and the soot emissivity is related to the soot volume fraction. Emission from the 
flame in the UV-visible region was measured using a modular spectrometer – USB2000+ UV-Vis-
ES, manufactured by Ocean Optics. The measurement range of the spectrometer is from 200 nm 
to 800 nm, and the spectral resolution is 1.5 nm FWHM. The integration time was varied based on 
the emission intensity. To obtain a line-of-sight measurement, a collimating lens with a 9.6° view-
angle was fixed to the center of a flange, which could be moved from port-to-port on the reactor, 
and thus the lens could be centered at each port. A 600 µm fiber bundle was used to transmit the 
light from the collimating lens to the spectrometer.  
The raw output of the spectrometer is converted to absolute units by calibration using a halogen 
lamp (HL-200), also manufactured by Ocean Optics, with a known emission spectrum. Further 
confirmation of the calibration was performed using a black body furnace (Newport, model 
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number 67032) in a dark room, at two different temperatures, 1273 K and 1473 K, with all the 
optics as in the actual experiment. The distance between the black body furnace and the collimating 
lens was the same as that between the flame and the collimating lens during experiments. The 
difference between the black body test and halogen lamp calibration was less than 5%. 
The absolute irradiance calculated from the spectrometer measurement was then fit to Planck’s 










where IP is the absolute irradiance from the flame at a wavelength, λ, ε is the emissivity of the 
medium, Ω is the solid angle, T is the temperature, and C1 and C2 are the Planck’s law constants. 
For each condition at each port, 100 scans were taken. Each scan, consisting of the distribution of 
intensity of emission from the soot, was then fit to the theoretical Planck’s equation in the red 
region of the visible range (650 nm – 700 nm). In this wavelength range, the variation in the 
imaginary part of the refractive index is less than 0.08%, and hence ε can be approximated to be 
constant in this wavelength range. Then values for ε and T were obtained, and the mean and 
standard deviation were calculated. The wavelength range for the curve fit was further reduced to 
20 nm to confirm that the wavelength dependence is negligible. Because the soot volume fraction 
is directly related to the emissivity of the emitting medium (soot) in the visible range, this 






The effect of Zst on the visible flame emission is shown in Figure 2, which contains images 
obtained from the digital camera. This can provide insight into the location of soot inception, since 
visual observation of the onset of soot luminosity is an effective means of detecting the location 
of soot inception, and is, in many cases more sensitive than inception obtained by laser scattering 
measurements, as noted by Du et al. [202]. The camera settings were held constant so that the 
image intensities can be directly compared. The aperture was set such that the blue zone was 
visible, which in some cases caused the yellow region to become saturated. The blue emission is 
due to the flame radicals, while the yellow emission is due to soot.  
Since the camera settings and the adiabatic flame temperature were kept the same, intensity of the 
luminosity (or intensity) of the yellow light is an indicator of the amount of soot. From Figure 2 it 
can be inferred that as Zst is increased, the soot inception location is pushed downstream, and the 
overall soot volume fraction is also reduced. At low Zst (Zst = 0.38), the flame is predominantly 
blue for much of the first port but yellow emission rapidly increases until the flame has a 
pronounced bright yellow emission at Ports 3 (0.36 m) and 4 (0.51 m).  At high Zst (Zst = 0.68), the 
flame has a predominantly blue color for a long length, and even at distances as long as 0.36 m 
(Port 3) and 0.51 m (Port 4) the flame is blue with dull yellow emission, in clear contrast to the 




Figure 3 shows the line-of-sight emissivities from the flames in the narrow wavelength range 
between 650 nm – 700 nm. The error bars represent one standard deviation from the mean. All the 
relevant gases in the flame (CO2 and H2O) are narrow-band emitters in the infrared. Also, emission 
from flame radicals is limited to the UV and blue regions of the spectrum. Thus, the emissivity 
shown in Figure 3 can be considered to be solely due to soot. As Zst is increased, the line-of-sight 
intensity and emissivity decrease at each axial position. At shorter axial distances, the emissivity 
is low and increases significantly with axial distance for the lower Zst cases, whereas for the highest 
Zst, the increase is rather limited. For all three cases, due to negligible soot and hence very low 
emission at port 1 (0.05 m from the burner), the signal to noise ratio was too low to calculate the 
emissivities. For the highest Zst case, the broadband emission was not intense enough even at port 
2 (0.2 m) and hence for this case the emissivity is only shown for ports 3 and 4 (0.36 m and 0.51 
m).  
Figure B-2. The effect of Zst on the soot inception location and soot volume fraction at various axial locations, 




Since the emissivities are low, the soot volume fractions are directly proportional to emissivity. 
The derivation follows from Beer–Lambert’s law and Kirchhoff’s law combined, and by assuming 
soot falls under the Rayleigh regime in the visible wavelength spectrum. The soot volume fraction 







| 𝜀 (B-4) 
where,  is the wavelength of light used for this calculation (the same as used for the calculation 
of ε), and m is the complex refractive index of soot. Thus, the ordinate in Figure 3 (emissivity) is 
proportional to the soot volume fraction. 
Figure 4 shows the radiative heat flux from the flame for the three Zst conditions. The error bars 
represent one standard deviation on each side. Increasing Zst reduces the radiative heat flux at a 
given port. The radiative heat flux at 0.05 m (Port 1) is similar for all three cases, but the profiles 
diverge along the reactor. The radiative heat fluxes for the two lower Zst cases increase sharply 
with distance from the burner, whereas that for the highest Zst is relatively flat. The increase in 
Figure B-3. Line of sight emissivity at various axial position for three different Zst cases. Soot volume fraction 
is proportional to the emissivity. 
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radiative heat flux between 0.05 and 0.51 m is more than three times greater for Zst = 0.38 than for 
Zst = 0.68. 
 
 
The extremely low soot volume fraction along the reactor for Zst = 0.68 as shown by the emissivity 
data (Figure 3) as well as the photographs (Figure 2), indicates that the radiative emission from 
this flame is primarily due to gaseous radiation. The radiative heat flux results illustrate that very 
effective control of radiation heat transfer can be achieved without compromising flame 
temperature by controlling the placement of inert gases. For example, at a position of 0.5 m from 
the burner, the radiative heat flux for Zst = 0.68 is reduced by approximately 60% from that of Zst 
= 0.38. 
 




In this study, we showed that for a high temperature flame (Tad ~ 2600 K), radiative heat flux and 
soot can be reduced by strategic placement of the inert, such that Zst is increased, without changing 
the adiabatic flame temperature. Increasing Zst of the flame also delayed soot inception. An 
explanation of the way Zst affects soot and radiative heat flux in turbulent jet flames is provided 
below. Since for a given adiabatic flame temperature, the radiative heat flux is primarily related to 
the amount of soot, emphasis is placed on understanding soot inception and growth.  
In any non-premixed flame, soot inception is dominant in the region closest to the burner nozzle, 
and the increase in soot mass is primarily due to nucleation [196]. Further downstream, soot mass 
addition is due to growth on existing soot nuclei, before it finally gets oxidized. A comparison of 
the reduction in soot with changing Zst in the early regions of the flame, where soot mass growth 
is dominated by soot inception (or nucleation), could provide an insight into the mechanism driving 
soot inception in a turbulent jet diffusion flame.  
Regions of high Z, i.e., deep in the fuel-rich side of the flame, are dominated by fuel-pyrolysis 
pathways towards PAH (polycyclic aromatic hydrocarbons), which are the immediate precursors 
of soot. Fuel pyrolysis leads to the formation of but-2-yn-1-yl (C4H5-2), which is converted to 
benzene by addition of acetylene [141], 
2 2 4 5 6 6-2 = C 2C H C H H H   (B-5) 
Since this reaction for C4H5-2 is exothermic and involves acetylene, it is found in fuel-rich regions 
away from the flame [141].  The low-temperature, fuel-pyrolysis pathway to benzene scales with 
fuel concentration at the inlet [141]. Increasing Zst also increases fuel dilution, which reduces the 
fuel mass fraction at inlet, and reduces soot formation via the fuel-pyrolysis pathway. 
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The experimental results indicate that the reduction in soot volume fraction between the three cases 
is much more than can be explained by fuel dilution alone. For example, the soot volume fraction 
reduces 3 times more than the fuel inlet concentration when Zst is changed from 0.38 to 0.48. When 
compared to Zst 0.68, the differences are even greater. Thus, it can be concluded that a different 
mechanism for soot inception must be dominant in such systems. 
To better understand the effect of Zst on soot formation, a computational fluid dynamic (CFD) 
simulation of the flame was performed using the Reynolds-Averaged Navier-Stokes equations 
with the SST k-ω turbulence model [127], and a detailed chemical mechanism for propane 
combustion [204]. The simulation performed was primarily to compare the variation in flame 
structure of the three cases in the early region of the flame (Port 1) where soot inception is the 
dominant path of soot addition. Figure 5 shows the species and temperature profile in the mixture 
fraction space, as obtained from the simulations, at the first port for the three cases. In this zone, 
in mixture fraction space, or even physical space in the radial direction, further classification is 
possible. Close to the flame, i.e., at Z ≈ Zst, on the fuel-rich side, the propargyl self-combination 
pathway to soot precursor formation dominates the soot formation [141, 151]. Propargyl (C3H3) is 
produced via the oxidation (removal of H-radicals) of acetylene by methyl and methylene radicals 
supplied from the oxidation (flame) region: 
𝐶2𝐻2 + 𝐶𝐻3 = 𝐶3𝐻3 + 2𝐻 (B-6) 




This pathway is endothermic and hence requires higher temperatures. This pathway also produces 
H-radicals, and hence in regions where the H-radical concentrations are high due to H supplied 
from the fuel oxidation reactions, a reduction or even reversal of this pathway to soot precursor 
formation can occur [141]. The carbon to oxygen atom ratio (C/O ratio) is correlated with the 
presence of H-radicals, and each fuel has a critical C/O ratio at which the H-radical concentration 
is high enough to prevent soot formation via the propargyl self-combination pathway, which for 
propane is approximately 0.51 [141-143, 152]. As can be seen in Figure 5, with increasing Zst, the 
location of (C/O)cr (marked by the red arrow on the abscissa ) shifts further towards the right, i.e., 
Figure B-5. Flame structure, i.e., species and temperature profiles in mixture fraction (Z) space at 0.05 m 
from the burner. The black and red arrow mark the locations of the low temperature and C/O ratio bounds for 
ring formation respectively. Between them is the shaded region where soot can form. Note: For Zst = 0.68, the 




the fuel side. This is because with increasing Zst the flame structure changes, and the flame is closer 
to the fuel boundary. Furthermore, soot formation requires a minimum temperature to overcome 
the activation energy barrier. This low-temperature bound is dependent on the fuel concentration 
[143], and is shown in Figure 5 by the black arrow on the abscissa. The simulation results show 
that at Port 1, for Zst = 0.38, a small zone exists where soot can form (shaded region in Figure 5), 
and with increasing Zst the zone shrinks, and for high enough Zst (Zst = 0.68) the two boundaries 
cross over, thereby preventing any soot formation via the propargyl self-combination pathway. 
This pathway to soot inception in turbulent jet diffusion flames is the dominant pathway, similar 
to laminar counter-flow systems [141]. With increasing Zst, in this pathway, the flame structure 
changes, such that the two bounds for this pathway – the high temperature region and the high C/O 
region – are brought closer and closer together, reducing the time for propargyl formation, and 
subsequently soot inception. 
Furthermore, the reduced soot nucleation that is observed at high Zst is expected to yield slower 
soot growth downstream due to the reduction in nuclei for growth.  However, there is likely an 
additional reason that the soot volume fraction is so low at high Zst. Mueller et al. [196] have shown 
that in turbulent jet flames the primary mechanism for soot growth is via PAH condensation, rather 
than acetylene-based surface reactions. Thus, the mechanism of reduction of PAH with increasing 
Zst, which was described above, could further exacerbate the reduction in soot growth because the 
PAH concentration is reduced at high Zst. This implies that high Zst suppresses both soot nucleation 





This is the first controlled study to isolate the effect of varying Zst in a turbulent non-premixed 
flame, and also the first study to directly measure the impact of Zst on overall soot volume fraction 
and radiative heat flux. At low Zst, soot inception starts early and soot grows rapidly with distance 
from the burner. As the stoichiometric mixture fraction was increased, the soot concentration and 
radiative heat flux decreased drastically, and the region of soot inception was forced downstream. 
At high Zst, nearly blue, soot-free, flames were maintained for a much longer length along the 
furnace. 
The push to mitigate greenhouse gas emissions from fossil fuel combustion, and the potential of 
oxy-combustion as a possible strategy for this, emphasizes the need to understand the role of inert 
placement (Zst) on soot formation and radiative heat flux in turbulent flames. The ability to 
independently decide on the amount of inert supplied to the oxidizer and fuel during oxy-
combustion makes strategic placement of inert to control Zst an important tool for controlling 
radiative heat flux. While we have shown that soot formation and radiative heat flux can be reduced 
for a given flame temperature, a natural corollary of this is that the same radiative heat flux can be 
achieved at higher flame temperature (i.e., with less inert, or less flue-gas recycle). By controlling 
Zst, the control of wall radiative heat flux can shift from relying on control of flame temperature to 
controlling the soot concentration, because by controlling Zst, soot formation and growth can be 
reduced, while still maintaining a high flame temperature. In practical oxy-combustion furnaces 
and boilers, since recycled flue gas (CO2) will be used as the inert, the reduction in soot will be 
even more due to the increased gasification (consumption) of soot by CO2. The reduced inert 
requirement could increase the process efficiency and reduce costs for practical industrial 




The authors would like to thank Prof. P. B. Sunderland and Mr. Zhengyang Wang at University of 
Maryland for their help in the blackbody calibration of the spectrometer. The authors would also 
like to acknowledge the efforts of Mr. George Pires for the help during the construction of the test 
facility. 
Funding 
The financial support for the project was provided by the Consortium for Clean Coal Utilization 






Burke-Schumann Model Formulation for 
Tri-Axial Flames 
 
The Burke-Schumann model is a flame model for non-premixed laminar flames. Originally it was 
derived for a burner configuration with the fuel in the center and oxidizer surrounding the fuel co-
axially (normal configuration) [153]. In Chapter 7, the theoretical analysis of a tri-axial flame with 
the fuel in the middle tube was carried out (see Figure C-1). This analysis utilized the tri-axial 
flame formulation of Chao and Axelbaum [59], and extended the model to include the solution to 
the C/O atomic ratio to predict soot inception limits. Below, the basic formulation from [59] is 
presented along with the relevant additions. Since the burner and the flame are axi-symmetric, the 
equations solved are axi-symmetric with cylindrical coordinates. 





(1) same mass flux and temperature at the burner exit 
(2) λ, cp and ρDi are constants 
(3) unity Lewis number     Lei = (λ /cp )/( ρ Di ) = 1     or     ρ DF = ρ DO = λ /cp 
(3) body force is negligible 
(4) flame sheet model 
(5) the external wall is adiabatic 
(6) isobaric flow 
(7) One-step, overall, irreversible reaction given by     νF F + νO O → νP P 
 
Inner tube :     oxidizer + inert 




cp specific heat at constant pressure 
Di mass diffusion coefficient of species i 
F fuel 
O oxidizer 
P combustion products 
Pe Peclet number defined as ρ u rc/( λ/cp ) 
qF heat of combustion per unit mass of the fuel consumed 
r radial spatial coordinate 
ra radius of the inner tube 
rb radius of the middle tube 
rc radius of the outer tube 
T temperature 
Tf flame temperature 
u flow velocity 
Wi molecular weight of species i 
YF,0 mass fraction of the fuel at the burner exit in the region ra < r < rb 
Yi mass fraction of species i 
YO,0 mass fraction of the oxidizer at the burner exit in the region 0 < r < ra   
YO,c mass fraction of the oxidizer at the burner exit in the region rb < r < rc 
z axial spatial coordinate 
(rf, zf) flame location 
 
νi stoichiometric coefficient of species i 
ρ gas density 
λ thermal conductivity 
ω reaction rate function 
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(B) Conservation Equations 
Applying the assumptions  ρDF = ρDO = λ/cp  with λ and cp to be constants, 
1
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(C) Boundary Conditions 
0 < r < rc , z = 0 :     T = T0 
rb < r < rc, z = 0 :     YF = 0     ,     YO = YO,c 
r = 0, z > 0 :     ∂ T/∂ r = ∂ YF/∂ r = ∂ YO/∂ r = 0     (symmetric at the centerline) 
r = rc, z > 0 :     ∂ T/∂ r = ∂ YF/∂ r = ∂ YO/∂ r = 0     (adiabatic) 
0 < r < rc, z → ∞ :     ∂ T/∂ z = ∂ YF/∂ z = ∂ YO/∂ z = 0     (solutions are bounded) 
0 < r < ra , z = 0 :     YF = 0     ,     YO = YO,0 
ra < r < rb, z = 0 :     YF = YF,0     ,     YO = 0 
 
Non-dimensional boundary conditions and conservation equations: 
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Abstract 
Co-firing biomass with coal can reduce pollutant emissions and consumption of fossil fuels and, 
where applicable, contribute to meeting Renewable Portfolio Standards (RPS). The physical 
characteristics and composition of biomass can vary significantly, and these can affect the 
combustion characteristics. When co-firing biomass with coal, these differences can impact the 
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structure of the volatile flame, the region where combustion of volatiles dominates. The length and 
size of the volatile flame are important to flame stability and are dependent upon the location and 
extent of volatile release. This, in turn, has an effect on emission of pollutants, such as NOx 
(nitrogen oxides). Previously, the effects of co-firing ratio, particle size and air-fired versus 
oxyfuel conditions on volatile flame length and breakthrough were studied. Breakthrough is the 
phenomenon whereby fuel particles pass through the volatile flame without completely releasing 
their volatiles. This paper focuses on the effects of biomass moisture content on flame length and 
volatile breakthrough when firing PRB coal with oakwood sawdust. Experiments were performed 
at 18 kWth net thermal input, with 80 wt% coal/20 wt.% sawdust. The sawdust moisture content 
was varied from 10 to 30%. The volatile flame length was determined by CO and CO2 profile 
measurements along the centerline of the flame. Volatile breakthrough was measured by particle 
sampling immediately downstream of the volatile flame. Contrary to what might be expected, 
volatile flame length reduces as biomass moisture increases. Increasing moisture leads to more 
volatile breakthrough, which results in a shorter volatile flame. Moisture influences the time for 
drying as well as the particle size distribution due to swelling and clumping. A characteristic time 
analysis was used to determine the mechanism by which moisture content affects the volatile flame 
length; either by increasing the drying time, particle swelling or particle clumping (increased 
particle size). The results indicate, for the cases under consideration, moisture vaporization has an 
order of magnitude lower impact on devolatilization delay as compared to the delay due to the 





Coal continues to be a major source of energy in the world, but contributes to global climate change 
as it produces more CO2 per unit energy than any other fuel.  Co-firing biomass with coal can 
reduce not only emissions of criteria pollutants, like SOx and NOx [205, 206], but also net carbon 
dioxide emissions [207]. As the carbon released from biomass combustion is fixed at relatively 
small time scales, its considered to be carbon neutral. Several facilities in the United States and 
Europe are currently implementing biomass co-firing, predominantly at low co-firing ratios, as 
part of their Renewable Portfolio Standards (RPS) or equivalent [208-210] . Furthermore, it has 
the potential for carbon negative power generation if combined with Carbon Capture, Utilization 
and Sequestration (CCUS) [211, 212].  Even though biomass co-firing provides a renewable 
alternative to coal-only operations, there are challenges when implementing it on an industrial 
scale. 
Pulverized fuel flames typically have two distinct combustion zones: the volatile flame zone and 
the heterogeneous (char) combustion zone [213, 214]. The volatile flame zone, otherwise known 
as the volatile reaction zone, is characterized by rapid release of volatiles and their subsequent 
combustion with oxygen, and is the primary region of soot formation and radiation. Fuel enters 
the furnace, being carried by the primary oxidizer (PO), and after exiting the nozzle, the fuel 
particles experience heating, moisture evaporation, and devolatilization.  The released volatiles 
react with the oxygen in the PO such that the local oxygen is consumed quickly, but the majority 
of the volatiles are not consumed.  The fuel continues to devolatilize and travel through the furnace 
and the volatiles subsequently react with the secondary oxidizer (SO).  The end of this “non-
premixed” volatile reaction zone marks the end of the volatile flame. The distance from the 
injection nozzle to the end of the volatile flame is known as the volatile flame length. 
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Solid fuel particles can pass through the volatile flame and enter the heterogeneous combustion 
zone without being completely devolatilized, a phenomena known as “volatile breakthrough” 
[215]. Breakthrough may result in incomplete combustion, leading to lower boiler efficiency. The 
length of the volatile flame is a key factor affecting volatile breakthrough, as it affects particle 
residence time in the volatile flame zone [216]. The heterogeneous combustion zone is 
characterized as an oxygen-rich environment where char burnout occurs. 
Previously, in the same experimental facility, the effects of biomass co-firing ratio, biomass 
particle size, and air-fired versus oxy-fuel combustion on the volatile flame length and volatile 
breakthrough were studied [215, 216]. Moisture content of biomass fuels is another important 
parameter, and one that varies significantly between fuels and even for the same fuel. And, unlike 
the previously studied parameters, moisture content can also be strongly affected by the history of 
the biomass, and the local ambient conditions.   
Since vaporization of moisture is one of the first steps leading to volatile release, it is important to 
understand its impact on volatile flame length and volatile breakthrough. Using experiments and 
analytical methods, this work seeks to understand the impact of varying biomass moisture content 
on the volatile flame length and volatile breakthrough during co-firing of biomass with coal, for 




D.2 Experimental Methods 
D.2.1 Reactor  
All experiments were performed in a swirl-stabilized combustor, fully described in [215] and 
shown in Fig. 1. The combustion section of the furnace is 0.17 m ID and 2.44 m in length, followed 
by an additional section with 0.36 m ID and 1.2 m length to ensure burnout.  The fuels were carried 
by the primary oxidizer (PO) and entered the system through the burner nozzle. Swirl in the 
secondary oxidizer (SO) flow was generated and controlled by axial and tangential flows to assist 
flame stability. The coal and sawdust were metered using volumetric screw feeders (K-Tron and 
Schenk AccuRate, respectively) and fed into the PO with the assistance of a shaker and an eductor. 
The two fuels were combined prior to entering the eductor. The shaker acted to ensure a steady 
feed and prevent clogging. All experiments were performed at a nominal thermal input of 18 kW. 
 
 
The experiments were conducted with pulverized Powder River Basin (PRB) coal that had an as-
fired moisture content of 17 wt.%. Co-firing experiments were performed with 80 wt.% PRB coal 
Figure D-1. Schematic of the reactor 
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/ 20 wt.% sawdust, and the sawdust had an as-fired moisture content of 10, 20, or 30 wt.%. The 
co-firing ratio of 20 wt.% is on the high side, but not uncommon in pilot and industrial scale 
systems [217, 218]. To obtain the three biomass samples, oak wood sawdust was collected from a 
local sawmill in Missouri at a moisture content of 45 wt.%.  The samples were sieved with a No. 
18 mesh sieve (1.0 mm nominal particle diameter) to remove branches, wood chips, and large 
particles.  The samples were then air-dried to the desired moisture content.  A high resolution 
thermogravimetric analyzer (TGA) (TA Instruments Inc.) was used to determine moisture content 
for the biomass by heating the sample from room temperature up to 105 °C and then holding for 
30 minutes under nitrogen gas flow. The same method was used to reconfirm the moisture just 
prior to each experiment.  
Co-firing was conducted on a total mass (i.e. wet) basis and the thermal input was maintained the 
same for all conditions. Based on volatile content for the fuels and the mass flow rates at each 
operating condition, there is less than a 5 wt.% difference in total volatile content between the 
extreme cases of 10% moisture and 30% moisture co-firing, and this difference was considered to 
be insignificant. 
Proximate and ultimate analyses were performed independently by Standard Labs, which used 
ASTM methods to obtain results. Sieve analysis for particle size distribution was done with a 
DuraTap 168 Sieve Shaker (ATM Corporation).  
D.2.2 Gas Sampling 
Concentrations of CO, CO2, and O2 were obtained from a Portable Gas Analyzer (PGA-250, 
Horiba Inc.). Gas sampling was performed at seven sampling ports located along the length of the 
combustion chamber as seen in Fig. 1. The gas sampling probe consisted of two concentric tubes 
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with the inner tube (ID 4.5 mm) as the sample tube and the outer tube (ID 10.2 mm) as the dilution 
tube. Dilution gas flowed in the annulus between the two tubes before meeting the sampled gas. 
The dilution gas had the dual role of diluting and quenching the gas sample to prevent further 
reaction within the probe, and to keep the probe cool. The gas exiting the probe was dried in a 
condensation trap and filtered prior to analysis.  
D.2.3 Volatile Flame Length—Measurement Technique 
Concentrations of CO, CO2, and O2 are strong indicators of flame structure in diffusion flames 
[213].  Moving along the centerline through the fuel-rich volatile flame zone, both CO 
concentration and volatile reaction rate initially increase, and then decrease as the conditions 
become fuel-lean near the end of the volatile flame. Thus CO concentration can be used to 
determine the volatile flame length. In this study, we use the procedure developed in [216, 219] 
for flame length measurement. The CO ratio is given by 
𝐶𝑂 𝑅𝑎𝑡𝑖𝑜 =  
[𝐶𝑂]
[𝐶𝑂] + [𝐶𝑂2]
× 100 (D-1) 
There are several advantages of using the CO ratio over the CO concentration to identify the end 
of the flame. The CO ratio is a more sensitive indicator of the end of the volatile flame because it 
incorporates CO2, which will increase as CO is consumed and converted to CO2 towards the end 
of the flame. In addition, the parameter is dimensionless and independent of the amount of dilution 
used in the probe. The above definition for CO ratio is similar to that of combustion efficiency 
when evaluated for the flue gas [220].  However, the term combustion efficiency is not appropriate 
in the context of local quantities, and to prevent confusion, the term CO ratio will be used instead.  
Centerline gas composition was sampled along the combustor axis, and the discrete data of CO 
ratio was curve fit to obtain a smooth curve. The slope of the CO ratio with axial distance within 
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the volatile flame is driven by volatile oxidation in the fuel-rich environment, while the slope 
outside of the volatile flame is associated with char oxidation. Based on previous work, the end of 
the volatile flame was defined as the location along the profile where the slope of the CO ratio is 
33 ± 1% of the maximum negative slope [216]. 
Figure 2 illustrates the flame structure and the end of the volatile flame. Figure 2a shows the case 
where devolatilization is complete before the end of the volatile flame. Figure 2b shows a case 
where the end of the volatile flame occurs prior to the end of volatile release and in this case, since 
complete devolatilization has not occurred prior to the end of volatile flame, volatile breakthrough 
occurs. In this case, the volatile flame is shorter than the case with no volatile breakthrough (Fig. 
2a), due to a reduced amount of volatiles (fuel) in the near burner region. Note that the reduced 
flame length exacerbates the volatile breakthrough by giving less time for devolatilization. 
 
Figure D-2. Visual representation of the volatile flame: a) No volatile breakthrough: the end of the volatile 
flame is downstream of the end of volatile release. b) Volatile breakthrough: the end of the volatile flame is 




D.2.4 Particle Sampling 
Once the volatile flame length was determined, particles were sampled isokinetically from the 
sampling port closest to the end of the volatile flame with a stainless steel sampling probe (shown 
in Fig. 3).  The probe was constructed with an outer tube of 14.8 mm ID and an inner tube of 10.2 
mm ID.  Nitrogen dilution gas, cooled in a liquid nitrogen chiller, was supplied to the probe and 
flowed through the annulus of the two concentric tubes and then through an orifice plate to force 
mixing with the gas sample to dilute and quench the flue gas to temperatures below 180 °C, to 
ensure no further release of volatiles. This 180 °C threshold for release of volatiles was determined 
using the Modulated TGA (MTGA) method with high resolution. A blower (Fuji Electric, Inc.) 
was used to control the sampling flow rate. Glass microfiber thimbles (GE Healthcare Life 
Sciences, Whatman) were used as particle collection filters. 
 
 
The collected samples were ground and analyzed for moisture and volatile content. To determine 
volatile content, a method of proximate analysis for coal and coke was used (TA-129, TA 
Instruments Inc.). The moisture was removed from the sample by the same method described 
previously. The sample was then heated to 900 °C and held at isothermal conditions for 15 minutes 
under nitrogen to remove volatile carbon. 
Figure D-3. Isokinetic particle sampling probe schematic. 
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D.3 Analytical Methods 
In the experimental system, as with industrial systems, solid fuel enters the furnace at high velocity 
with the primary gas. The secondary gas is supplied, usually with a swirl component, to create 
intense mixing and flame stabilization. The smaller particles interact with the fluid and are 
entrained in the turbulent eddies generated by the swirl. The heat and mass transfer characteristics 
of these particles are described by Annamalai et al. [221, 222]. Typically, biomass particles are 
much larger than coal particles. And the larger of these biomass particles  have Stokes numbers 
sufficiently high that the particles have enough momentum to shoot straight through. These are the 
particles of interest when dealing with volatile breakthrough due to their limited residence time in 
the volatile flame region.  
During devolatilization, there are several time scales that need to be considered: – 1) heat transfer 
through the gas, 2) gas to particle heat transfer, 3) heat penetration in the solid particle, 4) moisture 
vaporization, and 5) pyrolysis. These time scales, when compared with the particle residence time 
in the volatile flame, can provide insights into the amount of volatile breakthrough under different 
conditions and the controlling parameters. In this paper, only the particle heating and moisture 
vaporization time scales will be discussed. A more detailed discussion of a characteristic-time 
based approach to determine volatile breakthrough, and to determine co-firing parameters to 
minimize breakthrough, will be presented in a future publication.  
There are two different time scales associated with particle heating – firstly, the heat transfer from 
the surrounding gas, and secondly, the thermal wave penetration into the particle. Typically, solid 
fuel particle heating is assumed to proceed in a layered type of process as the heat diffuses to the 
center of the particle and the mass of the particle begins to increase in temperature.  In this analysis, 
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for simplicity, a lumped capacitance approach is assumed for the particles. If the lumped 
capacitance assumption is invalid for some particles due to their large size, the characteristic time 
will increase. The time scale for heat diffusion to the center of the particle is given by [221]  
 𝑡𝑑 = 𝑑𝑝
2/4𝛼𝑝 (D-2) 
where dp is the particle diameter and αp is the thermal diffusivity of the particle.  The time required 







where ρp is the particle density, cp is the particle specific heat capacity, λp is the particle thermal 
conductivity, and Nu is the Nusselt number assuming heat transfer by conduction. The sum of 
these two characteristic times gives us the characteristic time associated with particle heating. 
In the meantime, moisture will be released from the particles, and the time scale associated with 
that release is calculated based on a heat balance between moisture vaporization and heat transfer 
to the particle. The surrounding gas was assumed to be at 1500 K [216] and the particle to be at 







where, fm is the moisture fraction in the particle and Tg and Tp are the gas and particle temperatures 
respectively. For this simplified analysis, the effect of particle moisture content on surrounding 
gas temperature is neglected. 
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D.4 Results and Discussion 
D.4.1 Coal and biomass properties 
The results from proximate and heating value analysis are shown in Table 1. The sieve analysis 
results, along with the mass mean diameters calculated by fitting the results to a Rosin-Rammler 
distribution, are shown in Fig. 4. There are significant differences between the coal and sawdust. 
The coal has a larger heating value than sawdust and the sawdust has almost twice the volatile 
content of the coal.  Importantly, the mass mean diameter of the biomass is an order of magnitude 
larger than coal, with more than 70% of the biomass weight contained in particles that are larger 
than the largest coal particles, and this is true for all three cases of biomass. 
When sawdust particles absorb moisture, swelling can result. For hardwoods, swelling due to 
moisture absorption has limited impact on volume beyond 30% moisture [223]. When comparing 
oakwood having 30% moisture to dry oakwood, the change in size is less than 5% [223-225]. Thus, 
it is believed that particle aggregation (clumping) is the primary cause for the measured differences 
in particle size distributions for the different moisture cases.  
Table D-1. Coal and biomass properties. 
 PRB Coal Sawdust 
HHV MJ/kg (DAF) 29.7 20.2 
Proximate Analysis wt.% (dry) wt.% (dry) 
Ash 7.59 1.30 
Volatile Matter 45.40 80.24 





D.4.2 Volatile Flame Length and Breakthrough 
Figure 5 shows the centerline CO ratio profile along the length of the reactor as measured 
experimentally. The measurements were curve fit to obtain a smooth profile to estimate the volatile 
flame length. The curve fit applied is given by,  
  𝐶𝑂 𝑅𝑎𝑡𝑖𝑜 =  exp (𝑎 + 𝑏𝑥 + 𝑐𝑥2) (D-5) 
Here, x is the distance downstream form the injection nozzle. This equation best fits the CO ratio 
profile at both small and large x values.  
Experimental results show a significant impact of moisture content on both the CO ratio profile 
and the flame length. The coal-only volatile flame, at 1.02 m in length, is longer than all the co-
firing volatile flames. The flame length decreases 0.17 m for the 10% moisture co-firing flame, 
0.31 m for the 20% case, and 0.36 m for the 30% case (see arrows in Fig. 5). The 20% and 30% 
moisture biomass cases are so close in flame length, that they are considered to be the same within 
experimental uncertainty.  
 
Figure D-4. Fuel particle size distributions using sieves, and the mass-mean diameters calculated using Rosin-




Though sawdust has twice the volatile content as coal, which suggests that replacing coal with 
sawdust should increase the volatile flame length, co-firing leads to shorter volatile flames. There 
are multiple parameters, apart from fuel volatile content, that control flame length. The sawdust 
particles, on average, are larger than the coal particles. Larger particles have larger momentum and 
longer heating times, both of which lead to volatile release farther from the near-burner zone, 
reducing the amount of volatiles in the near-burner zone. This reduced near-burner volatile release 
leads to a shorter volatile flame, where the length is primarily controlled by the coal and smaller 
biomass particles, counteracting the larger fuel-volatile content [216].  As the amount of moisture 
in the biomass increases, the heating time further increases, which delays devolatilization. With 
increasing moisture content, the particle size also increases (Fig. 4), which leads to slower heating 
rates, increased devolatilization delay and shorter flames.  
For the coal-only case, the particles sampled at the end of volatile flame showed negligible volatile 
matter because the coal particles are small and their residence time in the flame is long because 
they are retained in the swirl-induced recirculation zones [215]. In co-firing, the biomass particles, 
due to their larger size and resulting high Stokes number, have volatiles breaking through the 
Figure D-5. Experimental CO ratio profiles (symbols) and curve fit (lines). Error bars show the maximum and 
minimum values for that port. The arrows denote the end of flame. 
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flame. The 10% moisture biomass case had some volatile matter after the end of volatile flame, 
but it was lower than the other two biomass cases, as shown in Fig. 6. Since, for the 20% and 30% 
moisture biomass cases, as discussed above, the flame length was nearly the same, particle 
collection for both the cases was performed from the same port on the furnace. The port itself was 
immediately downstream of the 30% co-firing end of flame (as required for volatile breakthrough 
measurement) and just upstream of the 20% co-firing end of flame. This was done since the next 
possible location for particle sampling for the 20% moisture case (slightly longer flame length 
compared to 30% moisture case) would otherwise be 0.2 m downstream of the end of flame. Thus 
the particles for the 20% moisture case were collected prior to passing through the flame, and the 
particles for the 30% moisture case were collected immediately after they exit the flame. This 
difference in the relative location of particle sampling – inside vs. outside the volatile flame 
envelope, predictably led to a disparity in the amount of volatile breakthrough with respect to 
expectation of increasing volatile breakthrough with increasing moisture content. Neglecting the 
20% case particle sampling results due to inability to sample at the relevant location (immediately 
downstream of the volatile flame), the results of the coal, 10% moisture biomass co-firing, and the 
30% moisture biomass co-firing results confirm the expected trend: volatile breakthrough 





D.4.3 Analytical Results 
The experimental results clearly show that the volatile flame is shortened and volatile breakthrough 
increased as we move from low moisture biomass to high moisture biomass. As moisture increases, 
particle clumping increases and the mean particle size increases as well. Thus, the increase in 
breakthrough with increase in biomass moisture can be a result of both increased particle heating 
time due to the larger particle size, as well as increased time for moisture vaporization. From the 
above experiments, it is not possible to ascertain the relative influence of the two. A characteristic-
time analysis, on the other hand, will clarify this by comparing the characteristic times of the two 
parameters: heating time due to the increase in particle size and time for moisture vaporization. 
Figure 7 shows the breakdown of the impact of the different characteristic times. Increasing 
moisture content increases the devolatilization delay and hence could lead to breakthrough, as 
expected and also shown by experiments. It can also be seen that on an absolute basis, the time 
scale for particle heating is an order of magnitude larger than that for moisture vaporization. Thus, 
for the cases considered here, the impact of moisture is primarily seen through its effect on particle 
size. On the other hand, the ratio of particle heating time to the moisture vaporization time 
Figure D-6. Volatile content measured in particle samples taken immediately downstream of the volatile flame 




decreases with increasing moisture, thus making the direct impact of moisture vaporization time 
more significant at higher moisture levels. Furthermore, as the biomass moisture content increases, 
the volatile flame length is reduced and the particle residence time in the volatile flame envelope 
is reduced. Thus, as the biomass moisture increases, the reduced particle residence time may lead 
to situations wherein the devolatilization delay is significant enough that virtually no volatiles are 
released from the biomass in the volatile flame zone. Therefore, the flame length reduction or 
increase in volatile breakthrough would asymptote, as was seen experimentally in Fig. 5.  
 
 
This simplified analysis should be used with caution because when the moisture content is high or 
the particle size increases significantly, other secondary effects may be significant. For example, 
as particle size increases, the lumped capacitance model will not hold true, and hence the 
characteristic time will increase more than predicted by this model, while as the moisture content 
increases, the surrounding gas temperature might decrease prompting an increase in vaporization 
time.  
Figure D-7. Characteristic times for biomass particle heating (tp), divided into heat diffusion to the center (td) 




This study analyzed the effects of moisture content of biomass in a co-firing system with oakwood 
sawdust and PRB coal.  Experiments were performed at 18 kWth in a swirl-stabilized furnace.  
Operating conditions included coal-only, and 20 wt.% co-firing biomass with coal. The biomass 
moisture contents were varied from 10 to 30 wt.% moisture.  Center line gas sampling was 
conducted to determine the CO ratio, which was used to characterize the volatile flame length. The 
CO ratio profile was curve fit to closely match the rapid increase in the CO ratio along the reactor 
in the devolatilization region, followed by a rapid decrease, due to conversion of CO to CO2 further 
downstream in the combustor. The end of the volatile flame was taken to be the location where the 
slope of the CO ratio curve fit was 33% of the maximum negative slope. At low co-firing ratios , 
increasing the biomass moisture content reduces the volatile flame length and enhances volatile 
breakthrough. Particle sampling at the end of the volatile flame confirmed the hypothesis that, with 
increasing biomass moisture, there is an increase in the volatile content of the particles downstream 
of the volatile flame (i.e., there is greater volatile breakthrough). Sieve analysis showed a 
difference in the size distribution of the biomass with changing moisture content. Comparing this 
difference to the potential swelling of oakwood with moisture showed that swelling is negligible, 
while clumping is likely the main cause of increased size. Previous studies done by the same group 
have shown that particle size negatively influences flame length. 
To isolate the causes of devolatilization delay and compare their relative importance, a 
characteristic-time scale analysis was done, where the characteristic time for particle heating 
(including heat transfer to the particle and thermal wave penetration) was compared to the 
characteristic time for moisture evaporation. The analysis showed an order of magnitude difference 
between the devolatilization time delay caused by the difference in particle size (mass mean 
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diameter) and the time delay caused by moisture vaporization. Particle size differences due to 
clumping had a much higher impact on devolatilization delay than purely moisture vaporization. 
Furthermore, when the moisture content was high (20%), further increases in moisture content led 
to only a minor reduction in flame length or increase in volatile breakthrough, a result that indicates 
these biomass particles are not releasing volatiles in the volatile flame zone. 
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